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Scopes and results summary of the Dissertation 
 
“The mitochondrion is the powerhouse of the cell” – This phrase is probably the likeliest 

answer if someone asks what one still remembers from the biology lessons in school. Even 

though, most will not remember the very details on how mitochondria generate energy, the 

importance of mitochondria however is caught in this simple statement. 

A deficiency in the energy household of cells can lead to several diseases or death. Therefore, 

it is necessary that the viability of mitochondria is maintained. The generation of energy in 

form of adenosine triphosphate (ATP) is established through oxidative processes inside the 

mitochondrion. High concentrations of molecular oxygen can lead to the formation of 

reactive oxygen species (ROS). ROS can damage biomolecules and eventually influence the 

efficiency of the energy production in the mitochondria. Low concentrations of ROS can also 

function as signalling molecules. 

The human mitochondrial LonP1 is one of the “guarding” molecules, which removes 

damaged or misfolded proteins from the mitochondrial matrix. LonP1 belongs to the AAA+ 

protein family: ATPases associated with various activities. LonP1 hydrolyses ATP and uses 

this energy to translocate substrate proteins into its proteolytic chamber. LonP1 is not only 

involved in proteolytic processes but also associated to DNA maintenance activities. It is still 

poorly understood, how many of these molecular mechanisms in LonP1 work or are 

regulated. 

 

The scopes of this thesis were, to characterize LonP1´s several functions to gain a better 

mechanistic understanding of this essential AAA+ protein and to homology-model the 

peroxisomal isoform of LonP1, LonP2, as a starting point for its structural and functional 

characterisation in future experiments. 

 

This thesis consists of three main parts: 

1. Chapter II.: 

This chapter consists of the manuscript of ‘Catalytic cycling of human mitochondrial Lon 

protease’. I am the second author of this manuscript and my contributions include: 

- The expression, purification and biochemical analysis (ATPase and protease 

assays) of all mentioned human LonP1 variants (wt and mutants) 

- The preparation of samples for mass spectrometry and the analysis of result files 
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- The interpretation of the findings: writing the first draft of part 3.7 Enzymatic 

activity, which describes a potential, second proteolytic site in human LonP1 with 

a novel threonine-type catalytic mechanism. 

- Literature research and writing parts for/of the Introduction 

- General improvement of the manuscript in joint discussions 

- The illustration of figures 7D, S9 and S10; and the tables S1 and S2 

 

2. Chapter III.: 

This chapter consists of the manuscript of ‘Missing the link: Conserved cysteines contribute 

to human LonP1´s structural integrity in an nàπ*-enhanced network`. This manuscript 

evolved from the observation of two nearby conserved cysteines in the A-domain of LonP1, 

which is described in the manuscript of Chapter II.. 

I am the first author of this manuscript and my contributions include: 

- The creation of all mentioned mutants, the conduction of all experiments (except 

mass spectrometry and the non-reducing gel electrophoresis which were 

performed by my co-authors), the illustration of all shown figures, the 

interpretation and analysis of the results and writing approx. 79% of the 

manuscript (as is it shown in this thesis). On the basis of these results, I proposed 

an enhanced electron network, which contributes to the stabilisation of LonP1´s 

unfoldase domain and experimentally showed that the absence of both 

investigated cysteines has a negative impact on LonP1´s activity. 

 

3. Chapter IV.: 

For this chapter, I independently generated and interpreted the theoretical structural model of 

human peroxisomal LonP2 by homology-modelling. 

 

Each chapter has its own figure and table numbering. 
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Chapter I.: General Introduction 
 

Mitochondria: Energy production organelles of the cells 
 
Mitochondria are dynamic cell organelles, which contain two membranes that separate four 

compartments within the mitochondrion. These compartments are the outer membrane, the 

intermembrane space, the inner membrane and the matrix ((Ernster and Schatz, 1981; McBride 

et al., 2006; Friedman and Nunnari, 2014), fig. 1). 

Described by Altmann in 1890 as “bioblasts”, the term “mitochondria” was coined by Benda 

eight years later (Altmann, 1890; Benda, 1898). Mitochondria might have evolved from 

prokaryotic cells, as distinctive features, such as their own genome and the ability to self-

duplicate, indicate (Sagan, 1967). Mitochondria function as the energy suppliers of the cells by 

generating adenosine triphosphate (ATP), which led to the description of mitochondria as the 

“powerhouse of the cell” (Siekevitz, 1957). For this process a compartmentalization is 

essential, since a proton gradient over a membrane is used by membrane-located ATPase 

systems to generate ATP (Mitchell, 1961, 1966). Furthermore, this proton gradient is regulated 

and influenced by ions and changes in the pH within the mitochondrion (Mitchell and Moyle, 

1969; Poburko et al., 2011; Wei et al., 2011). 

 
Figure 1: Schematic representation of a mitochondrion. The mitochondrion is divided into different 
compartments. The components are labelled. 

 
In addition, the release of heat as a product of metabolic processes is another important function 

of mitochondria. This heat ensures stable internal temperatures in endothermic species. A study 
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from 2018 hypothesised that mitochondria are physiologically maintained at close to 50 °C 

(Chrétien et al., 2018). Due to their key role in the maintenance of the energy household of the 

cell, dysfunctional mitochondria are associated to several diseases (Nunnari and Suomalainen, 

2012; Picard et al., 2016; Lefevere et al., 2017). 

 

Reactive oxygen species: protein damaging and signalling molecules 
 
With the rise of oxygen in the atmosphere, many organisms adapted from fermentation to 

respiration. This adaption led to an enlargement of evolutionary opportunity, since the energy 

generated by respiratory reactions is 30-50 times higher than the energy generated by 

fermentation processes (Berkner and Marshall, 1965). The reduction of oxygen, O2, leads to 

the formation of the oxygen radical O2●-, which is considered a powerful oxidizing agent and 

initiator of radical reactions (Hayyan et al., 2016). These oxygen radicals can be further 

converted to hydrogen peroxide. The variety of molecules and free radicals derived from 

molecular oxygen is termed as “reactive oxygen species/ROS” (Turrens, 2003). The formation 

of hydrogen peroxide in mitochondria, which could be linked to the respiratory chain, was 

observed in 1971 (Loschen et al., 1971). Especially the respiratory chain complexes I-III take 

over a crucial role in the formation of reactive oxygen species ((Turrens, 2003; Murphy, 2009; 

Hadrava Vanova et al., 2020), fig. 2). 

 

 
Figure 2: Localisation of various respiratory complexes in the mitochondrion and associated 

superoxide formation. Superoxide and hydrogen peroxide can be formed in the mitochondrial matrix, 
the intermembrane space and in the cytoplasm (Turrens, 2003; ACD/ChemSketch (Freeware), version 
12.01, 2010). 
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Changes in the pH inside and outside of the mitochondria influence as well the production of 

ROS (Selivanov et al., 2008). Reactive oxygen species take on parts in signalling pathways, 

such as redox regulation, in the immune system or even cell growth (Patel et al., 2018). The 

high reactivity of ROS can also lead to an oxidation of proteins, lipids and DNA, which can 

reversible and irreversible damage these biomolecules and be a cause of diseases (Dean et al., 

1997; Lenaz, 1998; Patel et al., 2018). 

 

Protein folding: The structure of proteins defines their function 
 

Many proteins have to fold into a three-dimensional structure to fulfil their function. In 1961, 

Anfinsen and co-workers investigated the reformation of Ribonuclease and concluded that 

thermodynamic forces drive protein folding and that the information to fold into its native state 

is contained in the amino acid sequence itself (ANFINSEN et al., 1961). However, the 

fundamental mechanism that drives protein folding remained unclear. In 1969, Levinthal 

concluded that sampling all possible conformations to find the state of lowest energy would 

take too much time, considering that proteins fold within a few seconds. He hypothesised that 

proteins instead fold into a metastable state with a sufficiently deep energy, to survive the 

possible perturbations in a biological system (Levinthal, 1969). A few years later, Anfinsen 

refined the ‘Thermodynamic Hypothesis’ by postulating the existence of a limited number of 

allowable initiating events in the folding process, referred to as nucleations (Anfinsen, 1973). 

The usage of lattice statistical mechanics showed that the number of accessible conformations 

in the globular state is an exceedingly small fraction of the number available to random coil 

conformations and that solvent forces must be more accounted (Dill, 1985). The availability of 

more computer-based approaches to understand protein folding in the 1990s and the study of 

Radford and co-workers, led to the theory of energy landscapes and folding funnels, which 

describes protein folding as a multi-pathway diffusion-like process and provides a framework 

to understand two- and multi-state kinetics ((Leopold et al., 1992; Radford et al., 1992; 

Abkevich et al., 1994; Bryngelson et al., 1995; Dill and Chan, 1997), fig. 3). 
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Figure 3: Energy landscape of protein folding (Dill and Chan, 1997). 
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Proteases: Protein and peptide “scissors” of the cells 
 
During the transition time between the 19th and 20th century a new theory of life processes got 

more and more established, in which each chemical change occurring in the cell was ascribed 

to a specific intracellular enzyme (Robert E. Kohler, 1973). Investigations on the cleavage 

products and composition of peptides (“proteoses”) by Levene in 1905 and the influence of 

various salts on the velocity of hydrolysis performed by Robertson in 1907 gave new insights 

into the chemical properties of these enzymes (Levene, 1905; Robertson, 1907). Roughly a 

hundred years later with the completion of the human genome, it was determined that more 

than 2% of all human genes encode proteases or protease inhibitors, reflecting the importance 

of proteolytic reactions in human biology (Puente et al., 2005). Without enzymes that catalyse 

the hydrolysis of peptide bonds, this process would take several hundred years (Radzicka and 

Wolfenden, 1996). The refinement of the x-ray structure of subtilisin, which is a serine 

protease, led to a re-examination of the charge relay system (charge transfer) in this catalytic 

mechanism and since then more and more catalytic sites and proteases were described (Blow 

et al., 1969; Matthews et al., 1977). The increasing number of described proteases led to their 

classification by different aspects: the classification by reaction catalysed, classification by 

catalytic type and the classification by evolutionary relationship (Barrett, 1994). Proteases can 

be divided into six distinguished families: 

a) Serine I (mammals), 

b) Serine II (bacterial), 

c) Cysteine, 

d) Aspartic, 

e) Metallo I (mammals) and  

f) Metallo II (bacterial) proteases (Garcia-Carreon and Navarrete del Toro, 1997). 

This classification is still updated and adjusted by the findings of other new families or 

variations in the catalytic mechanisms (Oda, 2012). To cope with the steadily increasing 

number of proteases and catalytic sites, several databases emerged (Rawlings et al., 2012; 

Furnham et al., 2014). 

Serine peptidases/proteases constitute with nearly one-third of all known proteases the largest 

group of proteases (Polgár, 2005; Ekici et al., 2008). Moreover, this group of proteases has a 

high variation within the number and residues involved in the catalytic mechanism, which 

differ significantly from the “classical” Ser/His/Asp catalytic triad ((Ekici et al., 2008), fig. 4). 
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Especially the catalytic Ser/Lys dyad and the replacement of a serine to a threonine showed 

evolutionary benefits (Kisselev et al., 2000; Ekici et al., 2008). The addition of a lysine to the 

catalytic mechanism changed the pH optimum, in which an enzyme can be functional. Whereas 

a Ser/His/Asp catalytic triad protease has an optimum activity near the pH of 7, the optimum 

activity of a Ser/Lys catalytic dyad is at a higher pH, such as pH 9 (Ekici et al., 2008). 

Threonine proteases, especially threonine involved in catalytic triads, are a rather rare 

evolutionary phenome, since in most cases steric clashes of the γ-methyl would hinder the 

catalytic mechanism to function (Buller and Townsend, 2013). However, an increasing number 

of threonine proteases were reported (Seemuller et al., 1995; Xu et al., 2007; Li et al., 2016). 

In the case of the catalytic threonine in the proteasome, it was shown that a threonine evolved 

because of its higher efficiency in protein breakdown than serine (Kisselev et al., 2000). 
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Figure 4: Residues involved in catalytic mechanisms of serine and threonine proteases (Ekici et al., 
2008; ACD/ChemSketch (Freeware), version 12.01, 2010). 
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Protein quality control mechanisms in mitochondria 
 
Overview 
 
Functional mitochondria are crucial for many metabolic processes including the generation of 

energy in form of ATP. Cells have evolved several quality control mechanisms to protect 

mitochondria from damage. The first quality control mechanisms are cytosolic protein quality 

mechanisms, which ensure that only proper synthesised polypeptides in transport-competent 

unfolded states are guided to the mitochondria. 

The second mechanism consists of the ubiquitin-proteasome system, which controls the protein 

transport across the mitochondrial outer membrane by removing and degrading damaged or 

mislocalized protein species and polypeptides, which fail to be imported. 

Molecular chaperones of the mitochondrial matrix, which ensure the folding of imported and 

mitochondrial proteins and facilitate the degradation of misfolded or aggregated proteins, form 

the third quality control system. 

The fourth quality control mechanism is established through a number of intramitochondrial 

proteases, such as the ATPase associated with various cellular activities proteases of the inner 

membrane and the matrix. 

Selective autophagy using different pathways of mitophagy and mechanisms involving the 

generation of mitochondrial-derived vesicles to remove parts or entire mitochondria form the 

last quality control mechanism (Song et al., 2021). 

 

Molecular chaperones of the mitochondrial matrix and protein import into 
the mitochondria 
 

Damaged proteins combine usually two features, a loss of function and the acquisition of a 

different conformational state compared the native state. Changes in the environment of 

proteins, such as non-physiological temperatures or chemical modifications, can cause their 

misfolding, which eventually can lead to the formation of insoluble aggregates (Voos, 2013). 

The mitochondrial heat shock protein mt-Hsp70 acts as a chaperone for proteins encoded by 

mitochondrial DNA and has a critical role in the assembly of supra-molecular complexes 

(Herrmann et al., 1994). Mt-Hsp70 most likely interacts with proteins of certain conformation 

and affects the equilibrium of reactions and can therefore prolong the lifetime of certain states 

of a protein. The interaction of mt-Hsp70 with mitochondrial translation products and the 

support of their subsequent assembly is induced by thermal stress conditions (Herrmann et al., 
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1994). However, the mitochondrial genome only encodes 13 proteins, whereas the whole 

mitochondria proteome is estimated to consists of 1500 distinct proteins (Anderson et al., 1981; 

Lopez et al., 2000). Therefore, the majority of mitochondrial proteins have to be imported. 

Proteins to be imported into the mitochondria have a cleavable N-terminal pre-sequence, also 

referred to as targeting sequence, which shows an amphiphilic helicity and is processed by the 

matrix processing peptidase (MPP) and a processing enhancing protein (PEP) (Roise et al., 

1986; Hawlitschek et al., 1988). MPP contains most likely the catalytic site and PEP has an 

enhancing function (Hawlitschek et al., 1988). Protein import is facilitated through the protein 

complexes Tom (the preprotein translocase of the outer mitochondrial membrane) and Tim 

(translocase of the inner mitochondrial membrane) ((Pfanner et al., 1996; Pfanner and Meijer, 

1997), fig. 5). 

 
Figure 5: Protein import into the mitochondrial matrix. The preprotein synthesized in the cytosol has 
to pass the protein complexes Tom and Tim (Pfanner and Meijer, 1997). 
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chaperones (Pfanner and Meijer, 1997). Tom consists of at least nine distinct outer-membrane 

proteins, which include four receptor subunits, namely Tom20, Tom22, Tom37 and Tom70 

(plus Tom72), three small proteins, namely Tom7, Tom6 and Tom5 and the main constituent 

of the general import pore, Tom40 (Pfanner and Meijer, 1997). A recent study mapped the 

protein interactions in the active TOM-TIM23 supercomplex to further understand the 

preprotein handover and translocation during matrix protein transport (Gomkale et al., 2021). 

The mitochondrial heat shock protein 60 (Hsp60) is another chaperonin, which forms 

complexes with several polypeptides if exposed to heat stress. In vitro experiments showed 

that Hsp60 prevented the aggregation and mediated the ATP-dependent refolding of native 

dihydrofolate reductase at increased temperatures (Martin Jörg et al., 1992). 

 

ATPases associated with various cellular activities - Unfoldases 
 
Nucleoside triphosphates, especially adenosine triphosphate (ATP), contain a high energy 

phosphoanhydride bond, which is used to drive unfavourable chemical reactions, to fuel 

biological machines and to regulate processes via phosphorylation of proteins ((Vetter and 

Wittinghofer, 1999), fig. 6). ATP was discovered independently by Lohmann, and Fiske and 

Subbarow in 1929 (Fiske and Subbarow, 1929; Lohmann, 1929). Some of the proteins, which 

hydrolyse ATP, are AAA+ ATPases (ATPases associated with various cellular activities). This 

superfamily is essential for most proteolytic activities (Vale, 2000; Zhang and Mao, 2020). 
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Figure 6: The nucleoside triphosphate ATP overtakes different key functions in the cell. It drives 
reactions, fuels molecular machines and is a regulator molecule (Vetter and Wittinghofer, 1999; 
ACD/ChemSketch (Freeware), version 12.01, 2010). 

 
Functions of AAA+ ATPases are to recognize, unfold and digest proteins that are either marked 

for degradation or are already damaged (Saunders et al., 2020; Zhang and Mao, 2020). Many 

AAA+ ATPases are hexameric ring-shaped molecular machines that hydrolyse ATP in a cyclic 
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(Weber-Ban et al., 1999; Vale, 2000; Huang et al., 2016; Miller and Enemark, 2016; Saunders 
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that are critical for binding and hydrolysing ATP, a second region of homology, sensor 2 and 

3 residues and a N-Linker, which contributes to the ATP binding pocket and connects the 

AAA+ domain to other domains within a protein (Miller and Enemark, 2016). 
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polar residue that defines the N-terminal sequence motif of this class (Iyer et al., 2004). A 

conserved region upstream of this helix, which adopts a characteristic extended conformation 

and runs perpendicular to the direction of the strands in the core sheet, is also found in most 

structures. This region is present in representatives from all branches of the AAA+ class and 

therefore suggests that it is an ancestral, defining feature of the AAA+ clade (Iyer et al., 2004). 

A helical bundle with four helical segments that occurs immediately C-terminal to strand 5 of 

the core ATPase domain and that contains a conserved sensor-2 motif with a frequently 

conserved arginine is another defining structural element of the AAA+ class (Iyer et al., 2004). 

The arginine finger, which elicits the inter-protomer cooperation in ATP-hydrolysis and a 

quasi-symmetrical oligomeric ring structure are also defining features of the AAA+ clade 

which together with the above described features allow a clear segregation of AAA+ ATPases 

form all other P-loop NTPases (Iyer et al., 2004). 

 

This thesis focusses on the mitochondrial Lon protease (LonP1). The Lon family and the 

HslU/ClpX family belong to the HslU/ClpX/Lon/ClpAB-C clade of AAA+ proteins. The Lon 

family can be divided into two distinct lineages, the bacterial Lon lineage, which is 

characterised by a distinctive domain termed the LAN domain and a Lon-protease domain, 

which flank the AAA+ domain at the N- and C-termini, and the LonB or archaeal Lon, which 

lack the LAN domain (Fukui et al., 2002; Iyer et al., 2004). 

 

Lon protease 
 

The first Lon protease to be identified/described has been the ATP-dependent protease, 

protease La from E. coli (Protein degradation in health and disease, 1980; Chung and 

Goldberg, 1981). The lon gene product, protease La, was purified as a DNA-binding protein in 

the presence of ATP and Mg2+ and hydrolysed casein and globin. It had a molecular weight of 

94000 dalton (94 kDa) (Chung and Goldberg, 1981).  

The human homolog of protease La, the mitochondrial Lon protease (LonP1) is an ATP-

dependent protease and was first characterised by Wang et al. in 1993 (Wang et al., 1993). 

Human and yeast Lon have a mitochondrial matrix-targeting sequence and the synthesis, 

processing and localisation of the human Lon protease has been extendedly studied (Suzuki et 

al., 1994; Wang et al., 1994). Human Lon is initially synthesised in the cytosol as a precursor, 

imported post-translationally or cotranslationally into the mitochondrial matrix and cleaved to 
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release its mature form, which has a molecular weight of approximately 100 kDa (Wang et al., 

1994). 

LonP1 consists of two globular parts: the N-domain, and the protease and A-domain and has 

an overall hexameric architecture ((Mohammed et al., 2021), fig. 7). 

 
Figure 7: Architecture of the P1a-state of LonP1 (PDB file: 7NFY). The different domains are 
labelled. Individual subunits are coloured. The structure was visualised with ChimeraX (Goddard et 
al., 2018). 

 
LonP1 most likely gets activated by substrate binding at the N-terminus of the protein. The 

substrate protein is then translocated into LonP1´s proteolytic chamber by cyclic 

interconversions between different processing states, in which YV-pincer release and reattach 

in a hand-over-hand mechanism to the substrate protein strand. This mechanism is likely to be 

regulated by ATP exchange and hydrolysis (Mohammed et al., 2021). 

Lon mediated proteolysis has been studied extensively, however the molecular details of 

substrate recognition are poorly understood and will require further mechanistic evaluation 

(Bota and Davies, 2002; Granot et al., 2007; Gur and Sauer, 2008; Lee and Suzuki, 2008). 

Defective LonP1, LonP1 mutations or changes in LonP1 expression are associated to classical 

mitochondrial diseases, CODAS syndrome and cancer (Cheng et al., 2013; Dikoglu et al., 

2015; Peter et al., 2018). LonP1 has a catalytic Ser-Lys dyad in its proteolytic active site and 

Protease domain

A-domain

N-domain

Architecture of the P1a-state of LonP1

N-passage
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is associated to mitochondrial DNA regulation by binding single-stranded DNA and RNA 

(Rotanova et al., 2003; Liu et al., 2004). 

 

Peroxisomal Lon protease (LonP2) 
 
Peroxisomes were introduced as “microbodies” by Rhodin in 1954, described by Rouiller and 

co-workers as dense granules, which were assumed to be precursors of the mitochondria and 

later proposed as “peroxisomes” as a characterising term for these cytoplasmic organelles 

(BERNHARD and ROUILLER, 1956; Gansler and Rouiller, 1956a, 1956b, 1956c, 1956d; De 

Duve and Baudhuin, 1966; Duve et al., 1969). 

Peroxisomes are cell organelles which carry out various oxidative reactions. The b-oxidation 

of fatty acids and the degradation of hydrogen peroxide are from the numerous metabolic 

pathways within peroxisomes, the most notable ones (Smith and Aitchison, 2013). High 

concentrations of hydrogen peroxide can lead to the formation of radicals which can damage 

proteins (Dean et al., 1997). Peroxisomes contain oxidases that reduce oxygen to hydrogen 

peroxide and large amounts of catalase, which reduces hydrogen peroxide to water (De Duve 

and Baudhuin, 1966). The mammalian peroxisomal Lon protease, LonP2 (also in literature 

referred to as PsLon or pLon), was identified during the proteomic analysis of rat liver 

peroxisomes in 2004 (Kikuchi et al., 2004). Like its mitochondrial isoform LonP1, LonP2 

consists of an AAA domain and a C-terminal region with a protease active site (Kikuchi et al., 

2004). The serine protease LonP2 is involved in the maintenance of the peroxisomal fatty acid 

"-oxidation, associated to facilitate the sorting of PTS1-containing proteins to the peroxisomes, 

the degradation of unfolded or misfolded peroxisomal matrix proteins and has chaperone 

function (Aksam et al., 2007; Omi et al., 2008; Okumoto et al., 2011; Goto-Yamada et al., 

2014; Pomatto et al., 2017). It is hypothesised that LonP2 is involved in cervical carcinogenesis 

and that loss of LonP2 activity may accelerate the loss of overall peroxisome function through 

the accumulation of non-functioning catalase (Pomatto et al., 2017; Wu et al., 2018). An ab 

initio reconstruction of peroxisomal P. chrysogenum Lon protease indicated that this protein 

has a ring-shaped seven-armed structure (Bartoszewska et al., 2012). 

Chapter IV. presents the theoretical structural model of human peroxisomal LonP2. 
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Chapter II.: The proteolytic activity of human LonP1 is an 
interplay of two active sites 

 
This Chapter was submitted as ‘Catalytic cycling of human mitochondrial Lon protease’. 
 
Catalytic cycling of human mitochondrial Lon protease  
 
Inayathulla Mohammed1, Kai A. Schmitz1, Niko Schenck1, Annika Topitsch1, Timm Maier1, 
Jan Pieter Abrahams*,1,2 
1 Biozentrum, University of Basel, Basel, Switzerland. 
2 Paul Scherrer Institute, Laboratory of Nanoscale Biology, Villigen, Switzerland 
* Corresponding author 
 
Highlights 

• Cryo-EM structures of LonP1 in nine conformational states. 

• Evidence for a second proteolytic sites. 

• Poorly ordered N-domains bind the substrate protein. 

• Substrate protein unfolding correlates with a threefold rocking motion of the N-
domains. 

• Substrate protein translocation precedes ATP hydrolysis and exchange. 

 
Abstract 
The mitochondrial Lon protease homolog (LonP1) hexamer regulates mitochondrial health 
by digesting proteins from the mitochondrial matrix that are damaged or must be removed. 
Here, we describe nine different, nucleotide dependent conformational states of LonP1 that 
we determined by cryo-EM. We present evidence of an additional, previously unidentified 
Thr-type proteolytic center. Although resolutions locally extended to 3.6 Å for the best 
ordered states, the N-terminal domains were poorly ordered in all conformations. These N-
domains formed an assembly with threefold symmetry and the orientation of its threefold axis 
depended on the conformational state. For most states we could infer the nucleotide 
occupancy, and in these states all nucleotide binding sites were occupied. Our data indicate 
how LonP1 recognizes, binds, and translocates substrate protein through a sixfold rotational 
binding change mechanism with threefold rocking motions of the N-domain assembly. The 
rocking motions of the N-domain assembly, together with its flexibility, may assist thermal 
unfolding of the substrate protein. Our data suggest that ATP hydrolysis prevents 
translocation reversal, and we propose LonP1 functions as a Brownian ratchet. 
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Abbreviations 

AMPCPP: adenosine-5'-[(a,β)-methyleno]triphosphate 

ATPgS: adenosine-5′-[γ-thio]triphosphate 
 
1. Introduction 
The proton potential gradient that drives mitochondrial ATP synthesis is established by 

electron transport chains that generate reactive oxygen species (ROS) as a side product 

(Loschen et al., 1971). ROS compromises mitochondrial functionality by damaging proteins 

in the mitochondrial matrix. These are removed by the nuclear encoded unfoldase/protease 

LonP1, which is an important mitochondrial regulatory hub (Rotanova et al., 2006; Voos et 

al., 2020; Venkatesh et al., 2012). LonP1 also binds mitochondrial DNA in a sequence 

specific manner (Lu et al., 2003), plays a vital role in mitochondrial DNA maintenance 

(Kunová et al., 2017, Ambro et al., 2012), and regulates non-damaged proteins like 

‘Transcription Factor A from Mitochondrial nucleoid’ (TFAM) (Ngo et al., 2014). Even mild 

LonP1 (expression) deficiencies are linked to apoptosis and cell death (Pinti et al., 2015) and 

several diseases are associated with dysfunctional LonP1, such as epilepsy, myopathy, 

paraplegia, cancer, and the CODAS (cerebral, ocular, dental, auricular and skeletal 

anomalies) syndrome (Peter et al., 2018, Cheng et al., 2013). Lon proteases are conserved 

over all kingdoms of life and belong to the HCLR clade of AAA+ unfoldases (Miller & 

Enemark, 2016, Iyer et al., 2004).  

A previous 21 Å resolution cryo-EM study of full-length human mutant LonP1 showed it has 

two globular parts. One part contains the N-terminal domains, and the other part contains the 

AAA+ and protease domains (Kereïche et al., 2016). Substructures of bacterial Lon protease 

from Bacillus subtilis (Duman & Löwe, 2010), Escherichia coli (Botos et al., 2004a) and 

Meiothermus taiwanensis (Lin et al., 2016) have been described in atomic detail. The 

substructure of the hexameric assembly of AAA+ and protease domains from Yersinia pestis 

indicated it is activated by inversion of the helical arrangement of its AAA+ domains (Shin et 

al., 2020). This and a similar study of human LonP1 (Shin et al., 2021) showed that protease 

activation closes a lateral gap between two subunits around an unfolded, extended chain of 

the substrate protein. As a result, tyrosine-valine motifs located on the loops of the AAA+-
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domain bind to the extended substrate protein strand in an axial tunnel. Previous studies 

indicated that the Lon proteases, including LonP1 contain a serine-lysine catalytic dyad 

(Rotanova et al., 2004; García-Nafría et al., 2010; Botos et al, 2004b), and histidine residues 

could potentially contribute to catalytic activity in E. coli LonP (Starkova et al., 1998).  

 So far, no high-resolution structure of any full-length Lon protease or homolog was 

available. Hence it was unclear what the quaternary arrangement or role of the N-terminal 

domains is, or how the AAA+ domains unfold the protein substrate to feed it into the 

protease sites, or how unfolding is coupled to ATP hydrolysis and exchange. Here we present 

a comprehensive structure-function analysis of this human AAA+ protease in multiple 

conformational states, that was caught in action. 

 Heterogeneous samples of dynamic macromolecular complexes in multiple 

conformational states can present challenges in cryo-EM single particle analysis. Parts with 

multiple discrete conformations can be separated computationally, but flexible parts that do 

not move as rigid bodies but exist in a continuum of conformations, will remain poorly 

resolved. Such inherently flexible domains may compromise the overall resolution unless 

data analysis is restricted towards the more rigid domains through focused refinement (ref.).  

Also, there will be fewer particles in short-lived conformations, which may further 

compromise their resolution. Cryo-EM structure determination of dynamic complexes may 

therefore yield a set of conformations with differing resolutions, with some poorly resolved 

short-lived states and possibly with poorly resolved domains within clearly resolved states. 

 Map interpretation of dynamic complexes requires special care. Low resolution maps 

of rare states and flexible domains may not allow atomic model building and refinement, but 

ignoring such states and domains may prevent full understanding. The accepted approach is 

to fit validated atomic models obtained by other means as rigid bodies into the low-resolution 

contours. Although there may be no data to justify sidechain or even mainchain placement, 

leaving out such atoms would severely compromise body fitting, because it would ignore 

potential atomic clashes between domains and result in unreasonable models. Refined high 

atomic displacement parameters (ADPs) of these rigid bodies indicate the uncertainty of their 

coordinates. At the suggestion of the editor, we have labelled the LonP1 domains that we 

fitted as rigid bodies by additionally setting their atomic occupancies to zero. In general, 

models resulting from rigid body refinement only allow conclusions on domain orientations 

at best. However, with the advent of more powerful modelling software, this situation may 

change in the future.  
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2. Material and Methods 
2.1 Cloning, protein isolation and purification 

The human LONP1 gene (wild-type) and LONP1 mutants (K529R, E591Q, E801A, 

T803V, E812A, H841F, H843F and S855A) after the signal sequence (amino acids 125 to 

959) were codon optimized and cloned into a pET11a expression vector with an N-terminal 

hexa-histidine tag, leaving two extra GS residues between the tag and the M125 residue 

(GenScript). Wild-type and the associated LonP1 mutants were expressed in BL21 (DE3) E. 

Coli strain that was cultured in 2XYT medium at 37oC and was induced overnight with 0.4 – 

1.0 mM IPTG at 18oC. All the subsequent steps of purification were done in batch mode at 

4oC. The filtered cellular lysate (in buffer A: 50 mM HEPES, 300 mM NaCl, 10 mM MgCl2, 

20 mM imidazole, 10% (v/v) glycerol, 2 mM b-mercaptoethanol, Roche-protease inhibitor 

cocktail, pH 7.5) after sonication and centrifugation was incubated with Ni-NTA slurry for 60 

minutes or overnight for binding. Sequential washes with high salt buffer (buffer A with 0.5 

M NaCl, no imidazole) followed by imidazole buffer (50 mM HEPES, 150 mM NaCl, 10 

mM MgCl2, 40 mM imidazole, 10% (v/v) glycerol, 2 mM b-mercaptoethanol) were 

performed to reduce contaminants. The protein was eluted with a step gradient of imidazole 

from 0.2 M to 0.4 M imidazole in buffer A containing 150 mM NaCl. Based on the purity 

from SDS-PAGE, the eluted fractions were subsequently passed through a QFF-Anion 

exchange column, or directly on the size exclusion Superose 6 Increase 10/300 GL column 

(figure S12). The pure fractions were pooled, snap-frozen and stored at -80oC for later 

functional and biochemical studies. To limit aggregation during cryo-EM grid preparation, 

LonP1-grids were prepared on the same day without freeze-thaw cycle. 

The specific substrate protein of Lon, TFAM (Addgene plasmid #34705, 

Human_TFAM_NoMTS_pET28 was a gift from David Chan) was expressed and purified 

following a published protocol (Ngo et al., 2014). The protein was stored in 10% (v/v) 

glycerol at -80oC. 

 
2.2 ATPase assay 

The ATPase activity of wild-type LonP1 and its mutants was measured with 

ATPase/GTPase activity assay kit (Sigma-Aldrich, USA, product: MAK113) as per the 

manufacturer’s protocol. The reaction mixture (containing 100 nM protease/mutant enzyme; 

either 2 or 100 nM FITC-casein or 100 nM TFAM protein substrate and 1 mM ATP) was 

incubated in the ATPase buffer (20 mM HEPES, 100 mM NaCl, 10 mM MgCl2, 0,1 mM 
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EDTA, 1 mM b-mercaptoethanol, 10 % glycerol, pH 7.8) for 30 min at room temperature, 

and then the reaction was stopped with the addition of malachite green. Finally, the 

absorbance at 620 nm was measured after a waiting time of 30 min with a Tecan Sparkâ 

Multimode Plate-reader. All the measurements were performed in triplicate (three 

independent measurements) in 96-well plates for the accurate analysis. 

 

2.3 Protease assay 

The proteolytic activity was analyzed with a constant amount of 2 nM of FITC-casein 

as protein substrate in the reaction mixture containing wild-type LonP1 or the corresponding 

mutants (100 nM) and ATP (1 mM). All the measurements were done in triplicates (from 

three independent assays) at RT in 96-well microplates for fluorescence-based assays 

(Invitrogen, REF M33089). 

 
2.4 Mass spectrometry 

MS was employed as a sensitive tool to accurately determine the proteolytic activity 

of LonP1 and its mutants in vitro. Essentially, 1 µM of the wild-type and protease mutant 

protein were incubated with 1 µM of FITC-casein for 3 hours at room temperature in the 

reaction buffer (20 mM HEPES, 100 mM NaCl, 10 mM MgCl2, 0,1 mM EDTA, 1 mM b-

mercaptoethanol, 10 % glycerol, pH 7.8, 5 mM ATP or 5 mM ADP). The end-products 

(peptides) of the reaction were separated through a 30 kDa cut-off filter (Amicon® Ultra-0.5 

mL Ultracel®) to collect the flow-through and were mixed with 1 µL of 5 % TFA. Finally, 

the peptides were subjected to mass spectrometry and analyzed using Mascot (Matrix 

Science, London, UK; version 2.4.1) assuming a non-specific digestive enzyme. Protein 

probabilities were assigned by the Protein Prophet algorithm (Keller et al., 2002; Nesvizhskii 

et al., 2003) and were annotated with GO terms from NCBI (Ashburner et al., 2000). All the 

subsequent peptide coverage (in %) were stated in table S2. CLUSTALW (Sievers et al., 

2011) was used for the multiple sequence alignment of the human LonP1 and their related 

homologs. 

 
2.5 Grid preparation and data acquisition for cryo-electron microscopy  

For datasets I and II, 3.5 µL of wild-type LonP1 (~0.7 mg/ml in 20 mM HEPES, 100 

mM NaCl, 10 mM MgCl2, 1 mM b-mercaptoethanol, pH 7.5) was applied onto glow 

discharged 300 mesh Lacey carbon grids. Prior to freezing, either 1 mM AMPCPP (dataset 
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II) or 1 mM ADP-ATP mix (dataset I) was added, and the protein sample was incubated for 

10 minutes on ice. The grids were plunge-frozen in liquid ethane after blotting away excess 

sample for 3 s under 100 % relative humidity conditions, using a Vitrobot IV (Thermo Fisher 

Scientific) that was maintained at 10oC. For dataset III, LonP1was mixed with TFAM at 1:2 

molar ratio (final concentration ~ 0.5 mg/ml) in the presence of 1 mM ATPgS for 5 min prior 

to Vitrobot freezing on 300 mesh R 2/2 Quantifoil copper grids (Electron Microscopy 

Sciences). All three datasets were collected on a FEI Titan Krios TEM with a GATAN post 

column energy filter (20 eV zero-loss filtering) operating at 300 kV. 

For datasets I and II, super-resolution movies of 40 frames were acquired in 

microprobe mode using a Gatan K2 summit detector, whereas for dataset III, it was operated 

in counting mode (table 1). All the movies were acquired using the SerialEM software 

package and were then preprocessed for pruning in FOCUS (Biyani et al., 2017) during data 

acquisition. Briefly, the super-resolution movies were clipped and binned 2x with the aid of 

IMOD and Frealign packages respectively. MotionCor2 (Zheng et al., 2017) was used to 

align and correct the frames with an approximate dose weighting. The contrast transfer 

function (CTF) was estimated with CTFFIND4 (Rohou & Grigorieff, 2015) on the non-dose 

weighted aligned movie frames. Micrographs with lower CTF estimation (less than 7 Å) 

values, large beam-induced drifts and crystalline ice were excluded from further single 

particle analysis (Zhang, 2016).    

 

2.6 Image processing and map generation 

For dataset I, the CTF defocus parameters of aligned averages from the movies were 

once again estimated with Gctf (Gctf_v1.06 and above). Roughly, 20,000 reference-free 

particles (from 400 preselected micrographs) were picked with Gautomatch (K. Zhang, MRC 

LMB; https://www2.mrc-lmb.cam.ac.uk/research/locally-developed-software/zhang-

software) to perform three rounds of 2D classification in Relion (Zivanov et al., 2018). The 

best and well centered 2D averages were then low pass filtered to 20 Å and used as templates 

to pick the particles from the entire aligned averages that resulted in roughly 400,000 

particles. After 4 rounds of 2D classification, ~280,000 particles were subjected to 3 rounds 

of 3D classification with either K=4 or 6 or 8 respectively. Two distinct classes (1,2) and 

(3,4) from the K=6 3D classification were selected based on the closing of the gap between 

the subunits. These were subjected to refinement and postprocessing in Relion. Particles 

belonging to these classes 1 and 2 were processed again in CryoSPARC (Punjani et al., 2017) 
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with additional selection and pruning to exclude the bad particles. A total of 89,000 particles 

belonging to the open class were subjected to a final local-refinement in CryoSparc to yield 

an R-sate at 3.7 Å resolution (FSC at 0.143 gold standard). However, the local refinement of 

closed classes (120,000 particles) did not show any improvement in the resolution or the map 

quality. The combined closed class1-2 particles were subjected to an additional focused 3D-

classification (with Tau=10 and K=4) in Relion with a loose mask around the A- and protease 

domains, excluding the flexible N-domain. This resulted in three good classes with subtle 

differences either in the A- or A- and N-domains, and were named as P1b-, P1c- and P2-

states. To improve the resolution and map quality, these states were then subjected to non-

uniform and local refinements in CryoSPARC to yield maps of P1b-, P1c- and P2-states at 

3.9, 4.3 and 5.8 Å respectively. 

For Dataset II: 2D classes from dataset I were used as templates to pick particles that 

were subjected two rounds of 2D-classification in Relion, yielding 320,000 particles. After 

two rounds of 3D-classification with K=4, particles belonging to class2 (~ 126,000 particles) 

were selected for refinement and post-processing in Relion, resulting in a 4.23 Å R-state map 

(FSC at 0.143). Particles from this R-state were once again pruned and selected in 

CryoSPARC after heterogenous refinement, that resulted in a clean R-state (with 76,000 

particles). Local refinement of this R-state improved the map to 3.75 Å (FSC at 0.143). 

For Dataset III: Following the same strategy as mentioned above for dataset II, a 

single processing state, P1a (78,000 particles) was obtained after a final refinement and 

postprocessing in Relion. This P1a-state was further subjected to focused classification (K=3) 

with a loose mask around the rigid A- and protease domain to yield a better resolved P1a-

state (3.8 Å) and a low resolution mixed-state map. Heterogeneous refinement in 

CryoSPARC with K=3 classes yielded the low-resolution docking states D1 and D2, and the 

P2a-state. 

The difference between the masked and unmasked FSC curves was mainly caused by 

the large box size we used (FSC curves in fig. S1, S2 & S3). Masking out the volume outside 

the LonP1 density therefore reduces the noise significantly, explaining why masking 

improved the FSC curves. Since LonP1 has an elongated structure, a spherical mask still 

encloses a substantial part of the box that does not correspond to LonP1 density, explaining 

the relatively limited improvement of the FSC curves upon imposing a spherical mask. All 

masks included the N-domains, which had a lower local resolution than the C-terminal 

domains. This explains the bimodal drop observed in several FSC curves: the first drop 
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reflects the lower resolution of the N-domain density, the second drop corresponds to the C-

domains. 

 
2.7 Model building 

Models were built and refined using Coot (Emsley & Cowtan, 2004), ChimeraX 

(Goddard et al., 2018), and Phenix-1.18 (Adams et al., 2010). Real space refinement included 

hydrogens to reduce potential clashes. Movies were calculated using ChimeraX, by 

interpolating between states. The refinement statistics of the real-space refined A- and 

protease domains of R- and P-states are listed separately from the statistics of the rigid body 

N-domain homology models (table 2). Some examples of secondary structural elements 

fitting into density are shown in fig. S4. All reported states differed significantly from each 

other in the well-ordered A-domain regions, with subunit shifts in the multi-Å range. 

 
2.7.1 The well-ordered A- and protease domains 

For the A- and protease domains, well-resolved atomic models of homologous 

domains were used for initial atomic interpretation of the reconstructed scattering potential 

maps: 4ypl.pdb and 4fw9.pdb (the A- and protease domains of M. taiwanensis LonP). 

Subdomains of these structures were fitted as rigid bodies and mutated into the human 

mitochondrial LonP1 sequences. First the high resolution LonP1 domains were built. These 

were then used for interpreting more poorly ordered density. Missing sequences were built 

interactively. Where the local resolution was ambivalent, interactive model building was 

guided by density of other subunits or domains that showed clearer density. Torsion angles 

were restrained using non-crystallographic symmetry in Phenix (Afonine et al., 2018) and 

significant deviations were investigated. Where appropriate, these were corrected 

interactively by considering all other subunits in all states. Great care was taken that the 

models of the different states were consistent with each other, down to main chain geometry. 

Real-space refinement included hydrogen atoms to improve geometry by better treating 

potential clashes.  

Where the local resolution did not warrant atomic refinement, we identified the parts 

that behaved as rigid bodies, based on their domain topology and by scrutinizing 

superpositions with better resolved models from other, related states, and only refined their 

orientations. The hinge regions (e.g., fig. 2, S5, S6) connecting the rigid bodies were refined 

using torsion angle restraints derived from high resolution models, or equivalent regions from 
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better resolved parts of the map. Where maps had a poor (local) resolution, this was reflected 

by high temperature values, which were refined per amino acid residue.  

We improved resolution by focused refinement of the A- and protease domains and 

map-sharpening. However, focused refinement reduced the resolution of the N-domains. 

Separate focused refinement of the N-domains did not result in an improvement of their 

resolution. This indicated that the quaternary structure of the N-domains was more variable, 

even within the same state. 

 
2.7.2 The poorly ordered N-domains 

The globular parts of the N-domains (residues 123-353) had a poor local resolution of 

8 to 12 Å in all observed states. Although this did not allow atomic interpretation, the overall 

quaternary arrangement of these N-domains and their orientation relative to the A- and 

protease domains could unequivocally be observed in all experimental maps (fig. S4B). 

These orientations differed between states. To characterize these quaternary rearrangements, 

homology models of the N-domains were fitted into their low-resolution density as rigid 

bodies. A humanized homology model of the E. coli N-domain (3ljc.pdb) that was calculated 

using SWISS-MODEL (Waterhouse et al., 2018). The well-structured parts of the homology 

model had reasonable statistics (22.4 % sequence identity, a QMEAN of -2.53 and a GQME 

of 0.59; see Materials & Methods, table 2 and fig. S4B). Independently, and without 

imposing the E. coli N-domain template, I-TASSER (Yang et al., 2015) identified this 

structure as the closest equivalent and generated a very similar model with a C-score of -1.35 

and a TM-score of 0.55. The model of the N-domain of human LonP1 that was generated 

independently of any homology models by AlphaFold (Jumper et al., 2021) also had the same 

fold (fig. S4C). All three models indicated residues 355-407 to form a long a-helix extending 

away from the globular domain and residues 1-123 and 221-272 to form unstructured loops. 

The structured cores of the I-TASSER and AlphaFold models deviated by 2.2 and 3.9 Å root 

mean squared difference (RMSD), respectively, from the model produced by SWISS-

MODEL. The structured cores of all three models had the same overall shape, which fitted 

well within the low-resolution contours of all observed maps. We proceeded with the N-

domain model that was produced by SWISS-MODEL.  
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2.7.3 The poorly ordered D-states 
The D1- and D2-states had a poor overall map resolution of 14 and 10 Å, respectively 

(Table 1). We therefore took the R-state subunits and fitted these as rigid bodies into the D-

state maps. We fitted the N-domains independently from the combined A- and protease 

domains, including bound nucleotides. We ensured the N-domains remained connected to the 

A-domains by modelling the loops 405 to 415 into density.  

 
2.7.4 The nucleotides 

The resolution of the A-domain nucleotide binding sites was insufficient to observe 

nucleotide phosphates as separate densities within the any of the scattering potential maps. 

To prevent refinement from unreasonably distorting the phosphate moieties into density, 

regardless of whether ATP or ADP was being fitted, we imposed four additional, strict 

distance restraints between main chain amides and phosphate oxides. These restraints were 

taken from a highly resolved adenosine nucleotide binding P-loop structure with good local 

sequence homology to LonP1: 2cbz.pdb, the human Multidrug Resistance Protein 1 

Nucleotide Binding Domain 1 at 1.5 Å resolution. The following additional restraints were 

introduced in real-space refinement by Phenix: distance restraints of 2.64, 2.97, 3.33 and 2.66 

Å between the main chain amides of G526, V527, G528 and T530 and phosphate oxygens 

O2b, O2b, O2a and O2a, respectively. In the case of ATP or ATPgS, additional distance 

restraints were introduced: 2.08 Å between the Mg++-ion and the Og1 oxygen of T530, and 

the phosphate oxygens Og1 and Ob1; angular restraints secured orthogonal coordination of 

the Mg++-ion. These restraints ensured that all nucleotides were modelled consistently, with 

the same geometry as a 1.5 Å homologous structure.  

 
3 Results 
3.1 Structure determination 

We studied wild-type, E. coli-expressed human LonP1 by cryo-EM (see Materials and 

Methods for experimental details). Structures were determined in the presence of either an 

ATP/ADP mix, AMPCPP (a nonhydrolyzable ATP analog), or ATPgS (a slowly hydrolyzing 

ATP analog). In the latter case, we also included the substrate protein TFAM. These 

incubation conditions induced structurally distinct LonP1 species. Even on the same grid, 

multiple states were discerned. In total, we determined nine structures in eight 

conformational states (table 1, fig. S1-S3). Two of these states (D1 and D2) could only be 
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determined at a resolution of around 12 Å. For the N-domains, only the overall domain 

shapes were apparent.  

 
3.2 Overall architecture  

Our structures confirmed LonP1 has two globular parts (fig.1). The low resolution 

density contours of the poorly ordered bottom assembly of N-domains (residues 123-355) 

was similar in appearance to that of the 21 Å LonP1 structure reported earlier (Kereïche et 

al., 2016). In the well-ordered states, the top part had a local resolution up to 3.6 Å, allowing 

atomic model building of the ATP-binding A-domains (residues 414-749) and protease 

domains (residues 750-959). The nucleotide binding pockets were located at the subunit 

interfaces between adjacent A-domains, in the cleft between the a/b- and a-subdomains. The 

threefold axis of the N-domain assembly was tilted by up to 30o relative to the helical axis of 

the A-domains.  

In the enzymatically active states that could be determined at sufficiently high 

resolution, we observed extended density, corresponding to a substrate protein that was being 

unfolded and digested, in an extended, 8 to 10 Å wide axial A-tunnel. The A-tunnel led 

towards a 50 Å wide and 25 Å high protease cavity harboring the proteolytic sites, with a 

large exit gate at its apex and six smaller lateral tunnels. The A-domains were held together 

by the a-subdomains, which contained a conserved sensor-2 motif that facilitates ATP 

hydrolysis in related proteins (Ogura et al., 2004; Olivares et al., 2016).  

The subunits (numbered 1 to 6) adopted cyclically alternating configurations, with the 

A-domains of the odd-numbered subunits connecting to long tubular density (see fig. 1 and 

S11). Homology models and AlphaFold indicate that residues 355-407 form a long linker-

helix that connects the A- and N-domains. For these odd-numbered subunits, we fitted a 

homology model of the E. coli N-domain as a rigid body into the tubular density and the low-

resolution N-domain contour. A similar fit of the N-domains of the even-numbered subunits 

was not possible. Here, we had to kink the linker helix H391 to make the N-domain fit the 

observed contours.  

The a-helix (residues 355-407) that connected the globular part of the N-domain to 

the A-domain was straight for even numbered subunits. It could be fitted into the tube-like 

density that surrounded the N-passage (see fig. 1 and fig. S11). However, in the odd-

numbered subunits, this a-helix had to be kinked at residue His391  
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We assembled these N-domains into a hexamer with perfect threefold symmetry, 

which fitted the low-resolution maps. Since SWISS-MODEL had selected rotamers without 

considering the quaternary structure of the N-domains, we had to re-optimize the rotamers to 

minimize inter-domain clashes using Phenix. The orientations of the individual N-domains 

were separately refined as rigid bodies in each of the nine maps, resulting in small deviations 

from threefold symmetry. Finally, the loops connecting the N-domains to the A-domains 

(residues 407-412) were built into density. In all subsequent real-space refinements, each N-

domain was treated as a single rigid body. 

The linker-helix of each odd-numbered subunit was straight, and its corresponding N-

domain was sandwiched between the N- and A-domains of the opposite even-numbered 

subunit. The N-domain assembly therefore was a trimer of stacked dimers. The linker-helix 

of each even-numbered subunit kinked round the linker-helix of the opposite odd subunit. 

The assembly of N-domains surrounded a 3x104 Å3 N-cavity, accessible through three 40 Å 

lateral portals and an entry gate, formed by the bottom trimer of the even-subunit N-domains. 

The straight linker helices of the odd subunits formed a 10-15 Å wide N-passage, allowing 

access to the A-tunnel. 

 
3.3 Subunit conformations 

Subunit conformations could differ significantly, mainly due to rigid body motions of 

their (sub-)domains. The A-domains were present in three different conformations. Based on 

their dominant nucleotide occupancy (see below), we refer to these conformations as the 

ATP-binding T-conformation, the ADP-binding D-conformation and unique S-conformation 

of the second seam subunit (see also fig. 2 and fig. S5, S6). Compared to the T-conformation, 

the a-subdomain of the D-conformation had tilted towards the helical axis by 9o to 13o. In the 

S-conformation, it had tilted downwards by a similar angle towards the a/b-subdomain. We 

quantified these angles by calculating the angular difference between the rotation operators 

that superimposed a/b-subdomains and the a-subdomains, respectively. The three-helical 

bundle of the a/b-subdomains showed small rigid body motions. Glycine-containing flexible 

loops attached the a- and a/b-subdomains to the protease and N-domains, respectively (fig. 

2A). The orientation and packing of the protease domains and the poorly ordered stack of N-

domains adapted to the conformation of the A-domains (movie 1).   
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Compared to the D- and T-conformations, the S-conformation showed a small 

distortion of the central b-sheet of the a/b-subdomain. This sheet harbors two cysteines in 

parallel b-strands close to the P-loop (C520 on b1 and C637 on b4), that are conserved 

amongst mitochondrial Lon proteases. In the D- and T-conformations, the distance between 

the Cb-atoms of these cysteines was about 3.8 Å, which might allow disulfide linkage under 

oxidizing conditions. In the S-conformation, shearing of the central b-sheet increased this 

distance to about 5 Å, which would strain the geometry of a disulfide linkage (fig. 3A,B). 

The mitochondrial matrix is an oxidizing environment, opening the possibility of disulfide 

linkage as a potential regulatory link between LonP1 activity and mitochondrial pathways 

that remove oxidizing species (Mailloux, 2018; Benoit & Auer, 2011). However, disulfide 

formation has so far not been reported in the mitochondrial matrix, and the conserved 

cysteine pair may have an alternative function.  

 
3.4 Enzymatic states 

LonP1 occurred in eight different hexameric (sub)states, depending on the incubation 

conditions (see above). These states depended on the nucleotides that were added (AMPCPP, 

an ATP/ADP mixture, or ATPgS), but even within a single incubation condition, cryo-EM 

data processing separated multiple (sub)states. We distinguished two resting R-state, two 

infrequent docking D-states and five processing P-states which showed extended density in 

the A-tunnel when the resolution permitted this. The A- and protease assemblies of the R- 

and P-states roughly corresponded to the LONOFF and LONENZ states observed in a bacterial 

Lon protease (Shin et al., 2020).  

 The R-states were observed in the presence of ATP/ADP or AMPCPP (fig. 4 and 

table 1). The well ordered A-domains adopted the D-conformation, which induced a left-

handed pseudo-helical arrangement of the A- and protease domains with a twist and rise of 

about 55o and 5 Å per subunit. This caused a 30 Å axial displacement and a 23o wide gap, 

located towards the left of a subunit with a kinked linker helix, and which exposing an empty, 

18 Å wide A-tunnel. Even when LonP1 was incubated in a buffer that exclusively contained 

AMPCPP, we only observed bound ADP, which suggests that LonP1 does not bind 

AMPCPP. The subunit that exposed its nucleotide binding site to the gap was less well-

ordered than the other subunits. In the presence of AMPCPP, its main chains could still be 

traced, and its nucleotide density corresponded to ADP. However, in the presence of an 

ATP/ADP mixture, the contours of the a-subdomain and protease domain of the poorly 
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ordered gap subunit were only visible at 1.8 and 2.8 RMSD, respectively, whereas for the 

other subunits, density of the main chain was visible at 6 RMSD. These poorly ordered 

domains were therefore docked as rigid bodies. We propose that in the R-state, this gap 

subunit may exchange ADP for ATP, but not for AMPCPP. This would result in multiple 

conformations for these domains in the presence of both ADP and ATP, explaining why 

under these conditions poor density for this subunit was observed.  

 The D1- and D2-states were observed after incubation with the slowly hydrolyzing 

ATPgS and the specific substrate protein TFAM. These states were uncommon and due to the 

low number of observed particles could only be resolved to 14 and 10 Å, respectively. In the 

D1-state, the R-state gap was not closed completely, and the A- and protease domains of the 

subunit left of the gap were particularly poorly ordered: their contours were only visible at 

2.5 RMSD, whereas the contours of the other domains were clearly visible at 7.5 RMSD. In 

this respect, the D1-state resembled the R-state in the presence of ATP and ADP. In the D2-

state, the gap had closed further, and the gap subunit was better ordered, with density at a 

contour of 4.5 RMSD, while the other subunits contoured at 7.5 RMSD. The D2-state 

showed density traversing the N-cavity (fig. 5), presumably corresponding to substrate 

protein. Although the resolution of the D-states did not allow identifying whether nucleotides 

were bound, we assumed this to be the case, because the highest scattering potential (>12.5 

RMSD) was located at the nucleotide binding sites. We modelled all bound nucleotides as 

ADP, but some were most likely ATPgS since the D-states were only observed in the 

presence of this nucleotide analog. 

In the P-states, the R-state gap had closed. We observed two major P-states, each with 

sub-states. The P1-states were more abundant than the P2-states and differed by a major re-

orientation of the AAA+ region relative to the N-terminal domain assembly. When the A- 

and protease densities of the P1-state were optimally superimposed on the corresponding 

densities of the P2-states, the N-domain densities of the two states were rotated by 60o with 

respect to each other (fig. 4). In the well-ordered P-states, extended density within the A-

tunnel could be modeled as a poly-Ala chain with a slight right-handed helical twist (fig. 3C). 

The direction of the extended substrate protein chain was unclear. 

Maps that were not subjected to focused refinement on the A- and protease domains 

had a lower resolution, as they were not dominated by the alignment of the well-ordered A- 

and P-domains. However, presumably because in these maps the more poorly ordered N-

domains contributed stronger to the averaged scattering potential, the intermediate maps 
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showed more clear density for the N-domain assembly. Like in the D2-state map, extended 

substrate protein density was visible in the unfocussed P-state maps, that emerged from the 

N-domain entry tunnel and traversed the N-cavity and the N-passage into the A-tunnel (fig. 

5). We therefore propose that the substrate protein traverses the N-cavity.  

In the P-states, four adjacent A-domains were present in the T-conformation. These 

subunits adopted a right-handed helical arrangement of the A-domains with an average 

helical twist and rise per subunit of about 60o and 7 Å, respectively (fig. 4 and fig. S5). To 

distinguish these four subunits from the seam subunits, we refer to them as the helical 

subunits. The A-domains of the two seam subunits were translated downwards to compensate 

for the rise of the helical subunits. The first seam subunit adopted the D-conformation that is 

also present in the R-state, and the second seam subunit adopted the S-conformation. In the 

P1-states, subunits 5 and 6 were the seam subunits, while in the P2-states, subunits 4 and 5 

were the seam subunits. In the P2-state, the N-domain assembly therefore appeared to be 

rotated by 60o relative to the helical subunits, compared to the P1-state (fig. 4). 

Based on significant domain movements, we distinguished substates P1a, P1b and 

P1c within the P1-state and substates P2a and P2c within the P2-state (we did not observe a 

P2b-state). The P1a- and P2a-states were observed after incubation with ATPgS and TFAM, 

while ATP/ADP induced the P1b-, P1c- and P2c-states. A comparison between the P-

substates indicated that, to a large extent, the A-domains of the four helical subunits behaved 

as a single rigid group, with the seam subunit A-domains roughly acting as a second rigid 

group. Compared to the P1a-state, the seam subunits were displaced roughly downwards by 

about 3 and 6 Å in the P1b- and P1c-state, respectively. Similarly, the seam subunits had 

descended by about 6 Å in going from the P2a- to the P2c-state (fig. S6). 

 

3.5 Nucleotide binding  

By introducing distance and angular restraints, we ensured all nucleotide phosphate 

moieties bound the P-loops as observed in high-resolution structures. We assigned the 

nucleotide based on the scattering potential at the g-phosphate location. It was identified as 

ATP if a g-phosphate was inside a contour corresponding to 2/3 of the observed scattering 

potential of either the Pa- or Pb- phosphorus atom of the bound nucleotide (whichever was 

lower). In most cases this gave a reasonable contour for the di- or triphosphate moiety of the 

nucleotide, but at lower resolution this criterion was not always unambiguous (fig. S7). The 
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proximity of local positive charges to the position of the g-phosphate, especially of the trans-

acting Arg652, correlated well with identified nucleotides. We exclusively observed ADP in 

the R-states. We do not exclude the possibility of a mixed ADP/ATP occupancy for some of 

the binding sites of the P-states. Nucleotide occupancies and subunit conformations are 

summarized in table 3. 

In the P-states, the additional scattering potential of a Mg++-ion coordinating the Og-

atom of T530, the b- and the g-phosphate when ATP was bound, contributed to 

differentiating between ADP and ATP. Although Mg++ is relatively light, its positive charge 

substantially increases its scattering potential. In the P1a-state, differentiating between ADP 

and ATPgS was further facilitated by the increased scattering potential of sulfur of the g-

thiophosphate moiety. In the P1-states, the first three helical subunits bound ATP (or 

ATPgS). The fourth helical subunit bound ATPgS in the P1a-state, in the P1b-state ADP 

fitted better than ATP, and the P1c-state ADP was bound. Subunit 5 bound ADP in the P1a- 

and P1b-states but appeared to bind ATP in the P1c-state. Subunit 6 appeared to bind ATP or 

ATPgS in all P1-states (fig. S7).  

The P2-states were less common and had a lower resolution compared to the P1-

states. The P2a-state required fitting subunit domains of the P1a-state as rigid bodies and did 

not allow unequivocally identifying its nucleotides. Because of the high similarity of the 

orientations of the A- and protease domains observed in the P1a- and P2a-states, we assumed 

that the nucleotide occupancy of these states also corresponded. The resolution of the P2c-

state was just about enough to recognize that the nucleotide biding sites were occupied. In 

analogy to the P1c-state, density allowed us to place ATP in all binding sites of the P2c-state, 

except for subunit 3, which might have bound ADP (fig. S7).  

In all P-states, the seam subunits had open sites potentially allowing ADP/ATP 

exchange. The ATP g-phosphate of the first three helical subunits interacted with the trans-

acting R652-finger of the next subunit (fig. S8), a motif also found in other AAA+ proteins. 

In the P1a- and P2a-states, the ATP g-phosphate of the fourth helical subunit also interacted 

with this trans-acting R652-finger of the first seam subunit, whilst also the glutamate 

D612/E614-loop of the first seam subunit had approached (fig. S8). In other m-AAA 

proteases this activates ATP hydrolysis (Augustin et al., 2009). 
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3.6 Binding of substrate protein  
In the high-resolution P-states, substrate protein density within the A-tunnel was 

observed in the presence or absence of the specific substrate protein TFAM. Although the 

main chain density of the substrate protein was reasonably well-ordered in the A-tunnel, there 

was no visible side chain density, and the resolution was insufficient to unequivocally 

determine the direction of the substrate protein chain. We investigated the peptides that were 

produced by active LonP1 by mass spectrometry. When we excluded TFAM, we found that 

LonP1 peptides were being produced. If we included another substrate protein in the reaction, 

their digested peptides were produced. For more details, see fig. 7C and supplementary 

materials (table S1B, table S2, fig. S10). 

In all T-conformations of the P1-states, the conserved pore-loop1 residues Y565 and 

V566 of the helical subunits formed YV-pincers, that pointed into the A-tunnel along 

regularly spaced right-handed helical intervals and gripped the main chain of the stretched 

substrate protein along a length of 10 residues (fig. 6). The density and stereochemical 

considerations suggest a hydrogen bond between a main chain oxygen of the substrate protein 

strand and the main chain amide between the Y- and V-residues of the pincer may be 

involved in gripping the substrate protein main chain in a sequence independent manner (fig. 

3C). In the P1a-state, the YV-pincer of the first seam subunit continued the helical rise and 

also gripped the substrate protein main chain. In the P1b- and P1c-states, the YV-pincer of 

the first seam subunit had released and together with the YV-pincer of the second seam 

subunit, had moved downwards along with the A-domains. The more poorly resolved P2-

states showed less density for the substrate protein in the final maps that resulted from 

focused refinements. By analogy to the P1-states, we could partially trace the substrate 

protein through the A-tunnel in the P2c-state, where density for the substrate protein 

interacting with the four YV-pincers was visible at a contour level of 5 RMSD. The low 

resolution of the P2a-state prevented observing the substrate protein bound in the A-tunnel. 

However, also supported by the maps prior to focused refinement (cf. fig. 5), we assume the 

P2a- and P2c-states would interact in a similar fashion with the substrate protein as the P1a- 

and P1c-states. 

 
3.7 Enzymatic activity 
 Since ATP hydrolysis is activated in trans in AAA+ proteases, we used an adenosine 

triphosphate hydrolase (ATPase) assay as an additional control that our LonP1 construct 
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formed functional hexameric complexes. We established that the level of ATPase activity of 

LonP1 was independent of the type of substrate protein, by assaying both the specific 

substrate protein TFAM and non-specific fluorescein isothiocyanate (FITC)-labeled casein. 

We confirmed that proteolysis requires ATPase activity by generating K529R and E591Q 

LonP1 mutants, replacing fully conserved residues of the Walker-A and -B motifs, 

respectively (Hanson & Whiteheart, 2005). These mutations indeed killed both ATPase and 

proteolytic activity, as determined by a fluorescence assay (fig. 7C, table S1A).  

We confirmed the S855/K898 catalytic dyad by generating the S855A mutation, 

which did not show any proteolytic activity, yet had an ATPase activity that was very close to 

that of wild-type LonP1. These six catalytic dyads were located within a small recess of the 

lateral tunnels, which had a surface charge that was mostly negative (fig. 7B). 

 Protease activity of bacterial Lon protease is activated by structural rearrangements 

around the catalytic S855/K898 dyad that are induced by the transition from the R-state to the 

P-state (Shin et al., 2020; Shin et al., 2021). However, in our LonP1 structures, all individual 

R- and P-state proteolytic domains superimposed very well with RMS deviations of Ca-

positions in the sub-Å range, and we did not observe full occlusion of the reactive S855 by 

other structural elements in any of the states, including D852, which has been identified as a 

regulatory element in bacterial Lon protease (García-Nafría et al, 2010).  

Based on a multiple sequence alignment (fig. S9) and after scrutinizing the LonP1 

structure in all its states, we identified several other conserved residues within the protease 

domain that might be important for proteolytic activity. We considered T803, which is 

exposed in the proteolytic cavity, to be of special interest (fig. 7). This conserved residue is 

unlikely to be required for structural integrity because it does not appear to be involved in a 

hydrogen bonding network that maintains the tertiary or quaternary structure of the protease 

domains. However, its sidechain hydroxyl group can be rotated to within hydrogen-bonding 

distance of the imidazole groups of either H841 or H843, potentially forming a catalytic 

center. Furthermore, both H841 and H843 have an abundance of potentially activating acidic 

residues in their close environment and T803, H841 and E801 can form a catalytic triad. In 

many proteolytic triads, either serine or cysteine attacks the scissile peptide bond, but there 

are also examples of catalytic threonine (Baird et al., 2006; Li et al., 2016; Xu et al., 2007). 

Finally, R815 is well positioned for moving its guanidinium moiety towards T803 and either 

act as the oxyanion hole or interact with T803’s hydroxyl group like in the S855-K898 

catalytic dyad. All these residues are fully conserved amongst all mitochondrial proteases – 
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with a unique exception for H843, which is a cysteine in platypus (Ornithorhynchus 

anatinus). The six potentially catalytic T803 residues were located on the surface of the large 

apical exit gate. The surface potential of the exit gate is positively charged, which may assist 

abstracting a proton from the g-O of T830, which may enhance its proteolytic activity (fig. 

7B).  

The relevance of T803 for proteolysis was confirmed by the T803V mutant. The 

mutant T803V assembled into intact, ATP hydrolyzing hexamers – albeit at about 50 % of 

wild-type ATPase levels. However, changing the sidechain g-hydroxyl group of T803 to a 

methyl group was sufficient to kill all proteolytic activity (fig. 7C). We further tested whether 

T803 might be the reactive residue of one or more catalytic triads, by mutating the potential 

bases H841 and H843 to phenylalanine, whilst retaining the wild-type T803. Also, these 

mutants hydrolyzed ATP but were proteolytically inactive, suggesting both residues were 

required and either might function as the base abstracting a proton from the T803 g-OH 

moiety. We subsequently investigated which residues could potentially activate H841 or 

H843 by generating the E812A and E801A mutants, whilst retaining all other residues to wild 

type. The E812A mutant no longer showed proteolytic activity in fluorescence assays, whilst 

the E801A showed residual protease activity (fig. S10). Both mutants retained ATPase 

activity at about 70-75 % relative to the wild-type LonP1. A highly sensitive mass 

spectrometry assay confirmed that E801A was still capable of generating peptides in an ATP-

dependent manner (fig. 7C, table S1B, table S2 and fig. S9). We conclude that LonP1 likely 

has a second proteolytic site, with T803 as the catalytic residue and with H841 or H843 as 

proton acceptors, which can be activated by conserved surrounding glutamates.  

With these mutational studies, together with the possibility of forming a catalytic 

triad, T803 passes the same level of evidence as the S855/K898 catalytic dyad. It is not clear 

why LonP1 would have two different types of catalytic site. Our mutational studies showed 

that abolishing either of the two sites, whilst retaining the other, killed protease activity. The 

sites are too far apart both in trans and in cis, to consider them as a single active site (fig. 

7B). It is not clear why both sites are required for proteolysis. It may be the case that the two 

sites have different specificities and need to act together to cleave the substrate protein into 

sufficiently small fragments to diffuse out of the protease cavity through the exit gate and 

prevent the protease cavity from clogging up. Or both sites have different functionalities, 

specific to either LonP1’s initiation or processing stages. Or killing one site might allow the 
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substrate protein to escape the other site by diffusing either out of one of the lateral tunnels, 

or out of the apical exit gate.   

  
4 Discussion 

Based on the high-resolution structures of the A- and protease domains, we propose a 

rotational catalytic cycle that accounts for all the observed states and even indicates why the 

N-domain assembly is more poorly resolved.  

As a likely first step in LonP1 activation, the substrate protein binds the N-domain 

assembly, presumably in the R-state. As the N-domain density is poorly ordered, any 

speculation on the interactions between N-domains and the substrate protein are currently 

unwarranted and care should be taken that the N-domain homology model is not over-

interpreted. We propose that either the C- or N-terminal sequence of the substrate protein is 

guided through the entry gate, N-cavity, and N-passage towards the A-tunnel. Rigid body 

fitting of R-state subunits into the D1-state map suggested that the YV-pincer of the left-

hand, bottom R-state gap-subunit is translated upwards relative to the preceding subunit, 

whilst the R-state gap closes. This would require a trans-interaction of the gap-subunit R625-

finger with ATP bound by its preceding, left-hand neighbor. Similar rigid body fitting into 

the D2-state map suggested that the next left-hand subunit is translated upwards by a similar 

mechanism (fig. S11). Subsequent conformational rearrangements that are required for 

reaching a P-state would involve translating the next two subunits downwards and grab the 

substrate protein. All these rearrangements are probably fast and dependent on ATP 

hydrolysis, since the D1- and D2-states were only observed in the presence of ATPgS.  

The structures suggest that cyclic interconversions between P1- and P2-states drive 

substrate protein translocation by two amino acids per interconversion. This process requires 

the topmost YV-pincer to release the substrate protein strand, move downwards and then 

reattach at the bottom of the A-tunnel in a hand-over-hand mechanism that was proposed for 

bacterial Lon protease (Shin et al., 2020) and VAT (Ripstein et al., 2017) (a T. acidophylum 

AAA+ unfoldase). The five different P-states we present here, indicate an ATPase-dependent 

allosteric mechanism with cyclic threefold interconversions of states and sixfold 

interconversions of A-domain conformations (fig. 8, movies M1 and M2). Below, we discuss 

how the cyclic interconversion of P1- and P2-states may be regulated by ATP exchange and 

hydrolysis. 
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           Transition of the P1a- to the P1b-state requires the YV-pincer of subunit 5 (the first 

seam subunit) to release the substrate protein at the top of the A-tunnel. This transition is 

induced by ATP hydrolysis at subunit 4. ATP hydrolysis at subunit 4 is likely facilitated by 

the trans-acting D612/E615-loop of subunit 5 that in the P1a-state has moved towards subunit 

4’s g-phosphate (fig. S7). ATP hydrolysis releases the R652-finger of subunit 5 from the g-

phosphate moiety of nucleotide at subunit 4, allowing the downward motion of both seam 

subunits and concomitant release of the protein substrate by the YV-pincer of subunit 5. We 

propose ATP hydrolysis to be the rate limiting step in the P1a-to-P1b transition, since the 

P1a- (and P2a-states) could only be observed upon incubation with ATPgS, which hydrolyses 

200 times more slowly than ATP.  

Subsequent P1b-to-P1c transition results in a further downward movement of both 

seam subunits. We propose that this transition is facilitated by ADP/ATP exchange at subunit 

5, because this subunit shows density of ADP in the P1b-state, ADP or mixed ADP/ATP 

occupancy in the P1b-state and ATP in the P1c-state.  

Transition from the P1c- to the P2a-state would require seam subunit 6 to adopt the T-

conformation, whilst the subunits 4 and 5 switch to the D-conformation and the S-

conformation, respectively. This rearrangement would allow the g-phosphate of subunit 6 to 

interact with the R652-finger of the subunit 1, stabilizing the A-domain of the subunit 6 in the 

T-conformation. The pore-loop1 of subunit 6 is located at the bottom of the A-tunnel. Here, 

its YV-pincer grabs the extended substrate protein chain, and its A-domain takes on the T-

conformation and an orientation that is very similar to the A-domain of subunit 1 in the P1-

states. These structural rearrangements result in an upward movement of the pore-loop1 

motifs of subunits 1 to 4 relative, pulling up the extended substrate protein chain grabbed by 

their YV-pincers. This is associated with a swinging motion of the N-domain assembly. Since 

neither ATP hydrolysis nor ADP/ATP exchange appear to occur in the P1c-to-P2a transition, 

we propose that partial unfolding of the substrate protein is the rate limiting step.  

A similar set of conversions reverts the P2-state to the P1-state, but now subunits 3 

and 4 are the seam subunits. This transition has a critical implication for the orientation of the 

N-domain assembly. Because the orientation of the N-domain assembly relative to the A-

domains is linked to the position of seam subunits in the P1a-state, the threefold axis of the 

N-domain assembly must tilt from subunit 4 towards subunit 2. Thus, the mechanism we 
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propose is characterized by a sixfold cyclical transition of A-domain conformations and a 

threefold cyclical interconversion of P1- and P2-states.  

The proposed mechanism may explain the structural variability of the N-domain 

assembly, that is witnessed by its relatively poor resolution (fig. S4). Our data indicate that 

the N-domain assembly binds the folded part of the substrate protein, and that its extended 

terminal strand is threaded thought the N-cavity and A-tunnel, where it is held (fig. 3C, fig. 

5). Thermally driven large-amplitude motions of the N-domains would subject the folded part 

of the substrate protein to a wide spectrum of pulling forces. This would increase the 

probability that residues preceding the extended substrate protein strand unfold. Subsequent 

relaxation of the N-domain assembly would reduce the tension on the unfolded strand. This 

would either allow refolding or the A-domains to reel in the slack by means of the proposed 

catalytic cycle.  

We propose that LonP1 functions as a Brownian, or Feynman–Smoluchowski ratchet 

(Hwang & Karplus, 2019; Feynman, 1963). Such a device uses random, thermal fluctuations 

for generating unidirectional motion or force, by impeding the reverse fluctuation, very much 

like a pawl blocks a ratchet from rotating backwards. Feynman showed that blocking this 

reversal requires energy. In LonP1, reversal would be blocked by the conformational changes 

that follow ATP hydrolysis. ATP hydrolysis upon substrate protein translocation must be fast 

compared to other catalytic steps, since the P1a- and P2a-states that we propose immediately 

follow translocation, could only be observed in the presence of the slowly hydrolyzing 

ATPgS. We propose that ATP hydrolysis is triggered by substrate protein translocation and 

that other Lon proteases share this mechanism. Our data indicate that ADP/ATP exchange by 

the first seam subunit occurs prior to protein substrate translocation in the transit from the 

P1a- to the P1c-state and from the P2a- to the P2c-state. However, our data do not establish 

whether this ADP/ATP exchange speeds up unfolding through a power stroke. We must 

consider this possibility since a ratchet mechanism does not exclude a power stroke. 

However, a power stroke may not be required if the observed flexibility of the N-domains 

would be amplifying the effect of thermal vibrations on unfolding of the substrate protein.  

LonP1’s many active states would allow controlling its activity by effectors like 

specific DNA or RNA sequences, that could act by stabilizing or inducing specific states 

and/or rigidify the N-domains. Such processes may be essential for explaining why and how 

LonP1 can fulfill its role as a central hub in regulating mitochondrial health.  
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Tables 
 

Dataset I Dataset II Dataset III 
Included 
substrates 

ADP + ATP AMPCPP ATPgS + TFAM 

Nominal 
magnification 

165,000x 130,000x 130,000x 

Camera mode K2 (counting mode) 
Super resolution 
(8kx8k) 

K2 (counting mode) 
Super resolution 
(8kx8k) 

K2 (counting mode) 

Pixel size  0.831 Å 1.058 Å 1.058 Å 
Exposure per 
movie  

8 s 10 s 10 s 

# movies 4100 3200 2520 
Total exposure  80 e-/Å2 80 e-/Å2 60 e-/Å2 
# particles 
(initial)  

280,000 320,000 198,000 

# particles per 
observed state 

R-state: 82651  
P1b-state: 31607  
P1c-state: 47634  
P2c-state: 30708  

R-state: 79850  D1-state: 15000  
D2-state: 11000  
P1a-state: 62200  
P2a-state: 26800  

Resolution 
masked maps 
(d99 / FSC at 
0.143 of half 
maps) 

R-state: 4.4 Å / 3.8 Å 
P1b-state: 5.0 Å / 4.4 Å 
P1c-state: 4.2 Å / 3.8 Å 
P2c-state: 5.8 Å / 5.8 Å 

R-state: 4.2 Å / 3.9 Å D1-state: 12.6 Å / 14 Å 
D2-state: 12.1 Å / 10 Å 
P1a-state: 4.3 Å / 3.8 Å 
P2a-state: 7.6 Å / 7.5 Å 

Table 1. Data collection and image processing of the respective datasets in different 
incubating conditions. In all cases, data were collected in movie-mode (40 frames/movie) at 
300 keV on a Titan Krios TEM with a K2-camera in counting mode in a defocus range of -
1.0 to 2.5 µm, using a GIF energy filter and an energy dispersion of 20 eV.  
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 R-state in 

ATP & ADP 
R-state in 
AMPCPP  

D1-state* D2-state* P1a-state P1b-state P1c-state P2a-state P2c-state N-domains 

Co-factors           
   ATP      4 5 5 5  
   ATPgS     5      

   ADP 6 6 6 6 1 2 1 1 1  
   Mg++     5 4 5 5 5  
Bonds           
  length (#>4σ) 0.013 Å (4) 0.015 Å (4) 0.012 (0) 0.012 Å (0) 0.013 Å (1) 0.011 Å (0) 0.014 Å (2) 0.011 Å (2) 0.011 Å (0) 0.004 Å (0) 
  angles (#>4σ) 1.78o (23) 1.68o (14) 1.50o (36) 1.50o (31) 1.55o (5) 1.60o (7) 1.60o (6) 1.79o (28) 1.67o (25) 0.81o (0) 
MolProbity score 1.97 2.10 2.19 2.21 1.91 1.88 1.82 1.95 1.87 1.74 
Clash score 8.02 11.00 14.07 14.93 7.34 8.05 6.67 8.43 8.07 5.07 
Ramachandran                                                                                 
  outliers 0.03 % 0.03 % 0.06 % 0.06 % 0.03 % 0.0 % 0.03 % 0.03 % 0.00 % 0.0 % 
  allowed 9.55 % 9.67 % 9.35 % 9.33 % 8.64 % 6.78 % 7.03 % 8.15 % 6.62 % 7.6 % 
  preferred 90.42 % 90.30 % 90.59 % 90.61 % 91.32 % 93.22 % 92.94 % 91.82 % 93.38 % 94.4 % 
Rama-Z (RMSD)           
  whole (N=3222) 2.10 (0.15) 2.22 (0.15) 2.53 (0.12) 2.54 (0.12) 2.08 (0.15) 1.86 (0.15) 1.77 (0.15) 2.10 (0.15) 2.00 (0.14) 3.98 (0.17) 
  helix (N=1293) 2.34 (0.10) 2.21 (0.10) 2.06 (0.09) 2.07 (0.09) 2.36 (0.10) 1.89 (0.11) 1.92 (0.11) 2.22 (0.10) 1.86 (0.10) 1.87 (0.16) 
  Sheet (N=448) 3.91 (0.20) 3.98 (0.20) 3.71 (0.18) 3.71 (0.18) 3.80 (0.22) 3.78 (0.22) 3.71 (0.23) 3.89 (0.22) 3.90 (0.22) 3.44 (0.35) 
  Loop (N=1481) 0.60 (0.19) 0.43 (0.19) 0.47 (0.015) 0.48 (0.15) 0.51 (0.18) 0.47 (0.18) 0.44 (0.18) 0.36 (0.18) 0.30 (0.18) 3.21 (0.19) 
Rotamer outliers    0.04 % 0.04 % 0.02 % 0.05 % 0.00 % 0.07 % 0.11 % 0.04 % 0.00 % 0.00 % 

Cb outliers          0.00 % 0.00 % 0.00 % 0.00 % 0.00 % 0.00 % 0.00 % 0.13 % 0.07 % 0.00 % 

CaBLAM utlier                           2.84 % 2.99 % 3.30 % 3.39 2.93 % 2.84 % 3.18 % 2.99 % 2.77 % 3.19 % 
ADP (B-factors) 
min/max/mean                                                                               

          

  protein 89/355/167 55/496/171 108/999/941 89/999/850 100/229/136 135/560/226 84/218/124 65/548/198 180/550/283  
  ligand                                   107/281/151 86/276/139 484/999/914 433/999/826 103/247/136                               159/298/218 96/135/113 100/269/174 233/337/275  
FSC 0/0.143/0.5 3.3/3.8/3.9 Å 3.7/3.8/4.0 Å >12 Å >12 Å 3.5/3.6/4.0 Å 3.7/4.0/4.4 Å 3.3/3.6/4.0 Å 6.0/6.5/7.9 Å 4.1/4.3/6.0 Å  
CC (mask) 0.77 0.84 0.54 0.64 0.83 0.81 0.84 0.74 0.82  
CC (box) 0.79 0.90 0.85 0.88 0.86                0.88 0.82 0.71 0.87  
CC (peaks) 0.63 0.80 0.38 0.48 0.74                                             0.66 0.70 0.38 0.63  
CC (volume) 0.77 0.83 0.44 0.56 0.83                0.81 0.83 0.74 0.82  
Mean CC ligands 0.73 0.79 0.74 0.62 0.82           0.78 0.84 0.75 0.80  
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Table 2 Refinement statistics. Each complete model contained 75x103 atoms, of which 38x103 
were hydrogen. The refined models did not contain cis-Pro residues or twisted peptide planes. 
Model statistics of the well-ordered A- and protease domains are tabulated, *except for the D-
states, for which we give the statistics of the full model, as all domains are approximately equally 
poorly ordered. The N-domain assemblies in the various states were significantly less well 
ordered and were therefore fitted as rigid bodies with close-to-ideal geometry. Statistics are 
shown for the N-terminal assembly with perfect threefold symmetry and optimized rotamers, 
prior to fitting in the maps of the various states and subsequent rigid body tweaking, which did 
not substantially alter the model statistics.  
 
 

 S1 S2 S3 S4 S5 S6 

R-state in 
AMPCPP ADP ADP ADP ADP ADP ADP 

R-state in 
AD/TP ADP ADP ADP ? ADP ADP 

P1a-state   ATPgS ATPgS ATPgS ATPgS ADP ATPgS 

P1b-state   ATP ATP ATP AD(T)P  ADP ATP 

P1c-state   ATP ATP ATP ADP ATP ATP 

P2a-state   ATPgS? ATPgS? ATPgS? ADP? ATPgS? ATPgS? 

P2c-state   ATP ATP ADP ATP ATP ATP 

 

Table 3 Nucleotide occupancies and conformational states of LonP1 subunits. The D-, T- 
and S-subunit conformations are highlighted in blue, yellow and green, respectively, and the 
identified nucleotide of each subunit is tabulated as a function of observed catalytic state (see fig. 
S6 for nucleotide scattering potentials of the P-states). All subunit conformations could be 
identified with certainty based on rigid body fitting and/or domain superimposition, except for 
subunit 4 in the R-state in the presence of ADP and ATP. The resolution of the P2a-state was 
insufficient for identifying the nucleotide occupancy and was assigned based on high structural 
similarity with the P1a-state after a 60o rotation. For subunit 4 of the P1a-state, the map did not 
exclude mixed occupancy. The conformations and nucleotide occupancies of the D-states did not 
allow unequivocal assignment of subunit conformations. 
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Figure 1. Structure of LonP1 in the P1a-state and nomenclature of its essential features. 
The odd- and even-numbered subunits are in red and yellow, respectively; the unfolded substrate 
protein strand is in green. (A) Lateral view of the scattering potential map (left), and of the 
atomic model with front and back subunits removed to show its internal structure and alternating 
arrangement of the odd- and even numbered N-domains (right). (B) Side view of the A- and 
protease domain scattering potential map, contoured at a higher level than in panel A, to 
illustrate the quality of the density, revealing the main chain fold, secondary structure, and side 
chain density of larger amino acids. (C) Top view of the scattering potential map, with the main 
chain indicated. (D) Top and bottom views of the trimeric N-domain assembly model (surface 
rendered). (E) Top view of the main chain trace of the A-domain assembly with a-helices and 
nucleotides indicated. 

 
Figure 2. Hinge positions and the three major conformations of the A-domains. (A) Even 
subunit fold showing the individual subdomains in different colors, each linked with flexible 
glycine-containing loop, allowing rigid body movements. (B) Left panel: superimposition of 
a/b-subdomains from the P1a-state in the three major conformations encountered: the T-
conformation (subunit 1; yellow), the D-conformation (subunit 5; blue) and the S-conformation 
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(subunit 6; green). Right panel: superimposition of all A-domains from the P1a-state in the T-
conformation (subunit 1 in yellow, subunits 2, 3 and 4 in white).  

 
Figure 3. Map and model details. (A) Potential C520-C637 disulfide formation in the P1a-state 
in last helical subunit (S4) of the P1a-state. (B) In the second seam subunit, shearing of the b-
sheet in which C520 and C637 are located, increases the distance between the Cb-atoms of the 
cysteines to about 5 Å. (C) Binding of the extended substrate protein in the A-tunnel by YV-
pincers may involve a hydrogen bond between the main chain oxygen of the substrate protein 
and the main chain amide between the Y- and V-residues of LonP1. (D, E) Nucleotide binding 
site and scattering potential map of subunit 4, showing ATPgS binding in the P1a-state (D) and 
ADP binding in the P1c-state (E). 

Figure 7. Map and model details
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Figure 4. Locally denoised experimental maps of the R- and P-states of LonP1. The R-state 
has a lefthanded helical arrangement of the A- and protease-domains (indicated by curved 
arrows) and a gap to the left of an even-numbered subunit with a kinked linker helix (top left 
panel; even subunits in yellow, odd subunits in red). In the processing P-states the gap is closed, 
and four A-domains adopt a righthanded helical arrangement (indicated by curved arrows). 
Closing of the gap forces the two seam subunits (in blue and green) to compensate the 
righthanded helical rise by a left-handed arrangement (indicated by a straight arrow). In the P2-
state, the N-terminal assembly appears to be rotated by 60o relative to the seam subunits. The 
maps were denoised by LAFTER (Ramlaul et al., 2019). 
 

R-state P1-state P2-state

gap
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Figure 5. Extended substrate protein density in the N-cavity. The D2-state map (A) and P1- 
and P2-state maps that were not subjected to focused refinement on the A- and protease domains 
of the P1- and P2-states (B and C, respectively) show extended extra density within the N-cavity 
(highlighted in yellow), that rises from the entry gate to the N-passage towards better-ordered 
density within the A-tunnel. No non-crystallographic symmetry averaging of the N-domain 
assembly was imposed.  
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Figure 6. Interactions between the pore-loop1 YV-pincers and the extended substrate 
protein strand in the A-tunnel. In all P1-states, the YV-pincers of the helical subunits (in 
yellow) grab the mainchain of the substrate protein. In the P1a-state, the YV-pincer of the first 
seam subunit (in blue) grabs the top of the extended substrate protein strand below the protease 
cavity. In the P1b-state, this YV-pincer had released and the pore-loops of the seam subunits (in 
blue and green) had descended by about 3 Å. In the P1c-state, the pore-loops of the seam 
subunits had descended by another 3 Å, approximately. In the P2a- and P2c-states, very similar 
interactions are found. 
 
 

 

P1a P1b P1c

substrate protein

900 900

Figure 4. Interactions between the pore-loop1 YV-pincers and the extended substrate protein 
strand in the A-tunnel
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Figure 7. Structural arrangement of amino acids surrounding T803 that potentially 
participate in proteolysis. (A) Location of the conserved protease sites in the protease cavity is 
indicated by a black circle (for the sequence alignment, see fig. S9). The scattering potential map 
is colored with odd subunits in red and even subunits in yellow. (B) The proteolytic residue S855 
is located within a recess of the lateral tunnel and the second, proposed proteolytic residue T803 
is located at the subunit interface lining the apical exit gate. The positions of the S855 and T803 
of subunits 1 and 2, respectively, are indicated with green spheres. The molecular surface is 
colored according to its surface potential (blue is positive, red is negative). (C) Close-up of the 
two proteolytic sites with a further close-up of the T803 proteolytic site, including H841 and 
E801. The S855-K898 catalytic dyad and the potential T803, H841 and H843 residues are 
depicted in ball-and-stick representation (cyan). (D) ATP hydrolysis and protease activity for 
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LonP1 variants. FITC-casein was added to the ATP hydrolysis experiment. The peptide count of 
the mass spectrometry experiment is given (blue background: LonP1 peptides, white 
background: β-casein peptides). 
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Figure 8. Summary of the LonP1’s catalytic cycle. Subunits have different colors: S1 is blue, 
S6 is grey. Domain movements are indicated with white arrows. Transition of the P1a- to the 
P1b-state requires ATP hydrolysis on S4. P1b-to-P1c transition requires ADP-to-ATP exchange 
on S5. Both P1c-to-P2a and P2c-to-P1a transition are associated with translocation of the 
substrate protein by two amino acids and upward movement of the four A-domains in the T-
conformation. This transition does not require ATP exchange or hydrolysis. The P2b-state was 
not observed. 
 

Movies 

 
Movie M1. LonP1 binding substrate protein and going through its catalytic cycle. Odd-
numbered subunits are in in red, even subunits in yellow, the substrate protein is in green. The 
atoms of the substrate protein and the YV-pincers are indicated as spheres.  
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Movie M2. YV-pincers grabbing, pulling, and releasing the extended substrate protein 
chain in the A-tunnel.  
  



Chapter II.: The proteolytic activity of human LonP1 is an interplay of two active sites 

60 
 

Supplementary Materials for 
 

Catalytic cycling of human mitochondrial Lon protease 
 

Inayathulla Mohammed, Kai A. Schmitz, Niko Schenck, Annika Topitsch, Timm Maier,  
Jan Pieter Abrahams 

 
 

 

 
Table S1. Enzymatic activity of LonP1 and LonP1 mutants. (A) ATP hydrolysis and protease 
activity for LonP1 variants. No substrate (blue background) or 100 nM TFAM (white 
background) was added to the ATP hydrolysis experiment. The protease activity was measured 
for LonP1 wt and S855A without added Inhibitor during the purification. (B) The peptide count 
(LonP1 peptides) of the mass spectrometry experiment is given (blue background: ADP was 
added, yellow background: ATP was added). 
 

 

 

Table S2. Protease specificity of LonP1 and LonP1 mutants. Percentage (%) of amino acids 
identified from LonP1 and β-casein from the mass spectrometry experiment. Blue, yellow and 
red backgrounds indicate percentages from LonP1 peptides, white backgrounds from β-casein 
peptides. 
 

***

LonP1 variant wt T803V E801A S855A

[%] of amino acids iden@fied***

4.3 0 9.7 0

56 0 25 1.3

53 3.2 23 0

62 0 68 0

Condi@ons: Blue: + ADP, Yellow: + ATP, Red (LonP1 pep@des): + ATP, FITC-casein, White (β-casein pep@des): + ATP, FITC-casein
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Figure S1. Data collection and 3D density calculation of LonP1 in ADP/ATP. (i) Summary 
of the results obtained from dataset I, resulting in the R-, P1b-, P1c and P2c-states. A total of 
4100 movies were resulted in ~370,000 full length LonP1 particles. After few rounds of 2D 
classification and pruning in Relion 2.1, a total of ~270,000 particles were subjected to 3D 
classification. A sub-panel of 2D-class averages clearly show a threefold N-domain, as indicated 
with a red arrow. Two distinct classes named as ‘closed’ and ‘open’ were refined in Relion 3.0 
and CryoSPARC2. The combined ‘closed’ particles after re-extraction and a final consensus 
refined map, yielded further three different maps (in yellow, P1b; pale pink, P1c and cyan, P2c 
colors) after an additional 3D classification without alignment, with a soft mask around A- and 
protease domain. (The A- and protease soft mask was in pale brown). The map resolutions and 
the quality were further improved after iterative CTF refinements and particle polishing and from 
the average of 2-25 movie frames (~42 e/A2). The final maps from this dataset-1 were locally 
refined in CryoSPARC2 to build models in P1b- (31607 particles), P1c- (47634 particles), P2c- 
(30708 particles) and R-states (82651 particles) respectively. (ii and iii) The local resolution 
maps (a) of P1b-, P1c-, P2c- and R-states with their respective angular distribution (c) and FSC 
curves (b). The N-domain in all the states has a resolution range from 8-12 Å resulting from the 
continuous flexibility. (iv) The final soft-masks applied during the local refinement of R-, P1b- 
and P1c-states that included the N-domain.  

(iv) Masks used for the refinement  

R-state P1b-state P1c-state

Figure S2. Summary of the results obtained from dataset I, resulting in the R-, P1b-, P1c and 
P2-states
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Figure S2. Data collection and 3D density calculation of LonP1 in AMPCPP. Summary of 
the results obtained from dataset II, resulting exclusively in the R-state after incubating with the 
AMPCPP. A total of 79,850 particles underwent in the final refinement of the R-state. The local 
resolution map (c) shows regions with 3.6 Å in the A- and protease domains and 10-12 Å at the 
N-domain. (d) and (e) are the FSC and angular distribution plots of this R-state. 
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Figure S3. Data collection and 3D density calculation of LonP1 in ATPgS. Summary of the 
results obtained from dataset III, resulting exclusively in the P1a-state and a P2a-state (at lower 
resolution than in dataset II). In addition to the P-states, this incubation condition also favored to 
resolve the transient states (D1 and D2) of LonP1 in action during substrate recruitment (c). 
 

 
Figure S4. Fitting of the subdomain models and secondary structural elements into the EM 
density map. (A) The C-terminal a-helices of the N-domains could be recognized in the density, 

Figure S11: some of the secondary structural elements represented in the map density
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but not their side chains (top left). In better ordered parts of the maps, side chains could be 
localized (other panels). (B) Density of the N-domains: the P1a-state is shown at two different 
contour levels. A high contour level (left) reveals the well-resolved features, specifically the A- 
and protease domains. The atomic model is also displayed, showing that the N-subunits do not fit 
into the well-ordered density. However, when the contour level is reduced (right), also the more 
poorly ordered regions are revealed, and the location and orientation of the N-domain assembly 
becomes obvious. (C) Superimpositions of the structured parts of N-domain models generated by 
SWISSMODEL (orange), ITASSER (pink) and AlphaFold (cyan) show all models share the 
same fold and molecular shape. 
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Figure S5. Rigid body movements of the LonP1 subdomains during the structural 
transition from P1- to P2-state. (A) Superimposition of the first seam subunit (in the D-
conformation; blue), the second seam subunit (in green) and the first subunit (in the T-
conformation; yellow). The first seam subunit in the P1a- and P1c sub-states is an odd (S1) 
subunit, whereas it is an even (S6) subunit in P2c. During structural transition from P1a- to P1c-
substate, the protease domain of first seam subunit S5 (in blue) tilts by 20o along the pseudo 
threefold axis. (B) shows the perfect structural alignment of the protease and A-domains between 
the P1c- and P2c-substate, that were superimposed on their a-subdomains. The bold color 
representation depicts the subunits from P2c-substate and the light color show the corresponding 
subunits in P1c-substate. Except for orientation of the N-domain, the P2c-substate is very close 
match to the P1c-substate. (C) shows the zoomed view of the movement of protease domain 
during the ATP hydrolysis and exchange from P1a- to P1c-substate. The S5 seam subunit (in 
blue) of P1a-state (i.e., ADP bound) is in very close proximity to the P-loop of the nucleotide 
binding pocket. Whereas the S4 subunit (in yellow), which is still ATPgS bound in the P1a-state 
was 10-12 Å away. Upon ATP hydrolysis on the S4 subunit in P1c-substate, the b-hairpin loop 
of the protease domain moves close to the p-loop, as represented in the right panel (C). The 
orientations relative to the A-domains of the protease domains of seam subunits S5 of P1a-, S4 
of P1c- and of the R-state subunits in the D-conformation differ less than 1 Å RMSD and are 
represented here in blue. The P1-state subunits S1 to S3 are depicted in light yellow color.  

Figure S10. Rigid body motions during the P1 to P2 transition
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Figure S6. Interfaces between the A-domains of LonP1 as a function of processing state 
(columns) and subunit number (rows). The helical subunits (1-4) are in yellow and the two 
seam subunits 5 and 6 in blue and green, respectively. In each panel, the a/b-subdomain of the 
left-hand A-domain is an identical orientation towards the viewer, and its bound nucleotide is 
shown. Since the helical subunit pairs all have very similar interfaces, only the subunit 1/2 pair is 
shown for each of the P-states (cf. the first row). The outward tilt of the a-subdomain of the first 
seam subunit 5 compared to the interface of the helical subunits is indicated by a curved arrow in 
the P1a-state subunit 4/5 pair (column 1, row 2). The downward tilt in the second seam subunit 6 
of the subunit 5/6 pair is also indicated by a curved arrow (column 1, row 3). The downwards 
motions of the seam subunits relative to the helical subunits are indicated by straight arrows in 
columns 2 and 3, rows 2 and 4. The release of the first seam subunit from the last helical subunit 
due to ATP hydrolysis and concomitant relaxation of the R652-finger in the P1c-state is 
indicated by a dashed circle (column 3, row 2). The interfaces of the helical subunits are 
commensurate with a right-handed helical rise (i.e., the subunit to the left is slightly lower than 
the righthand subunit). Interfaces that involve at least one seam subunit are unique and especially 
the 5-to-6- and 6-to-1 interfaces demonstrate a strong local left-handed helical rise to compensate 
for the righthand helical rise of the non-seam subunits (i.e., the subunit to the left is higher than 
the righthand subunit). 
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Figure S7. Nucleotides bound by subunits 1 to 6 in the P1a, P1b, P1c and P2c sub-states. 
The scattering potential is locally contoured at 2/3 of the observed scattering potential of either 
the Pa- or Pb- phosphorus atom of the bound nucleotide (whichever is lower). In most cases this 
gives a reasonable contour for the di- or triphosphate moiety of the nucleotide, but at lower 
resolution this criterion is not always unambiguous (e.g. a g-phosphate would fall half-in, half-
outside the contour level in the case of subunit 4 in the P1b-state). Therefore, also the proximity 
of local positive charges, especially of the trans-acting Arg652, were checked in optimally and 
consistently identifying the nucleotide. But we do not exclude the possibility of a mixed 
ADP/ATP occupancy for some of the binding sites. Note that in the P1-states, subunits 5 and 6 
are the seam subunits, whereas in the P2-states, subunits 4 and 5 are the seam subunits. Also 
notice that in the case of the P1a-state nucleotide binding sites, the g-phosphate is especially 
conspicuous because of the extra scattering potential of sulfur, since LonP1 was incubated with 
ATPgS for inducing this state. Also notice the relatively strong density often observed for 
ordered Mg++ in many of the ATP-bound states (but is strikingly absent in the binding site of 
subunit 5 in the P1c-state, despite clear density for ATP). The Mg++-ions are indicated as white 
spheres. Although this metal is relatively light, its high positive charge increases its electron 
scattering potential. 
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Figure S8. Trans-interactions with nucleotides in the P1a-state. The loop with the trans-
acting R652-finger interact with the ATP g-phosphate of the neighboring subunit (in P-
conformation subunits, top-left panel), but when ADP is bound (as in seam subunits or in the R-
state, lower left panels), this interaction does not occur. Only for D-subunit bound ATP in the 
P1a-state, does the trans-D612/E614 loop of the S5-subunit approach sufficiently to allow 
triggering of ATP hydrolysis (top right panel). In seam subunits, the trans-D612/E614 loop has 
fully withdrawn (lower right panels).  
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Figure S9. Sequence alignment of LonP1 homologs. Residues C520, C637, E801, T803, E812, 
H841 and H843 are labelled. Conserved amino acids are indicated. 
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Figure S10. Protease specificity of LonP1 determined by mass spectrometry. (A) Cutting 
properties (amino acid selectivity S) of LonP1 wt and LonP1 E801A for autocatalysis and FITC-
casein (β-casein fraction). The cutting property (selectivity) of LonP1 was calculated as follows, 
S(aa)=P(aa)/F(aa), whereas P(aa) is the probability of cutting after a given amino acid “aa”. It is 
calculated as follows: ((number of peptides preceded in sequence by amino acid “aa”) +(number 
of peptides ending with amino acid “aa”)) / (2 x (total number of peptides)). F(aa) is the 
frequency of amino acid “aa “occurring in a protein sequence. It is calculated as follows: 
(number of amino acids “aa “in the protein)/ (total number of amino acids in the protein). (B) 
Peptide length distribution of LonP1 and β-casein peptides. 
 

  

Figure S11. Conversion from the R-state to the P-state through the D1- and D2-states. The 
R-state subunits were simultaneously fitted as rigid bodies into D1- and D2-state scattering 
potential maps using the rigid body routines in Phenix-1.18. The resulting assemblies were 
superimposed using the coordinates of the righthand R-state gap-subunit. The left-hand helical 
arrangement of the subunits in the R-state is converted into a righthanded arrangement by first 
lifting up the left-hand gap subunit (in yellow) in the D1-state, then lifting up its left-hand 
neighbor in the D2-state (both lifted subunits in yellow). 
 

0

1

2

3

4

5

6

A R N D C Q E G H I L K M F P S T W Y V

Se
le

c?
vi

ty

Amino acid

S(wt, LonP1 pep?des) S(E801A, LonP1 pep?des)
S(wt, β-casein pep?des) S(E801A, β-casein pep?des)

0

5

10

15

20

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Pe
rc

en
ta

ge
 [%

]

Pep?de length [aa]

LonP1 pep.des
wt E801A

0

5

10

15

20

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Pe
rc

en
ta

ge
 [%

]

Pep?de length [aa]

β-casein pep.des
wt E801A

A

B

R-state D1-state D2-state 



Chapter II.: The proteolytic activity of human LonP1 is an interplay of two active sites 

79 
 

 
Figure S12. Purification of LonP1. (A) SEC-MALS profile and the SDS-PAGE gel of the peak 
fraction. The elution volume and the estimated molecular mass of the purified and homogenous 
peak were 13.0 ml and 650 kDa respectively (from Superose 6 10/30 column, GE healthcare). 
The bands in (B) shows a single monomer LonP1 near 100 kDa marker and the non-boiled 
sample indicates a faint band between 200 and 250 kDa. 
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Chapter II.a.: The proteolytic activity of human LonP1 is an 
interplay of two active sites 

 

This additional chapter of Chapter II. consists of an additional experiment, which has not been 

included in the manuscript, since the results of the peptidase assay gave similar results as the 

protease assays. This assay strengthened the hypothesis that both proteolytic sites have to act 

together, to be functional. 

Methods 
Peptidase activity assay 
 

The peptidase activity was analysed with a constant amount of 0.3 mM Glutaryl-Ala-Ala-Phe-4-

methoxy-b-naphthylamide (G3769, Sigma-Aldrich) as protein substrate in the reaction mixture (5 

µg wild-type LonP1 or the corresponding mutants and ATP (1 mM) in 50 mM HEPES, 150 mM 

NaCl, 5 mM MgCl2, 1 mM b-mercaptoethanol and 10% Glycerol, pH 7.8). All the measurements 

were done in triplicates (from three independent assays) at RT in 96-well microplates for 

fluorescence-based assays (Invitrogen, REF M33089). The Glutaryl-Ala-Ala-Phe-4-methoxy-b-

naphthylamide stock was prepared in 100% DMSO. The final concentration of DMSO in the 

experiment was less than 10% (<10%) (Waxman and Goldberg, 1985). 

Results 
 
Table 1: Activity assay. Peptidase activity for LonP1 variants. 

 
To investigate, whether one of both proteolytic sites might function as a peptidase site, the cleavage 

of the peptide Glutaryl-Ala-Ala-Phe-4-methoxy-b-naphthylamide has been additionally analysed 

(tab. 1). This peptidase assay showed the same observed results as the protease activity assays 

including the fluorescent FITC-casein protein as a substrate: only wild-type LonP1 was able to 

cleave Glutaryl-Ala-Ala-Phe-4-methoxy-b-naphthylamide and FITC-casein, whereas the 

threonine mutant and the serine mutant (Ambro et al., 2014) were proteolytically inactive. 

LonP1 variant wt T803V S855A

Peptidase activity*
21264.3 ± 2697.1 -4745.3 ± 3724.1 -4563.3 ± 2673.2

*normalized Δ Fluorescence [RFU] after 30 min
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Abstract 
 
The mitochondrial Lon protease homolog (LonP1) maintains mitochondrial health by removing 
damaged proteins from the mitochondrial matrix. We recently determined LonP1´s structure and 

observed the conserved cysteines 520 and 637 of the unfoldase domain to be within ideal 

disulphide formation distance. Here, we report that even in oxidising conditions, the disulphide 

is not formed and that LonP1 is not regulated by redox potential. Nevertheless, these cysteines 

contribute to the overall stability and functional integrity in an n→π*-enhanced n→σ* network. 

Our data indicate no direct participation of these cysteines in redox sensing or regulation 

between DNA binding and substrate degradation. These findings and the conservation of the 

cysteines in other LonP1 homologs shine new light on the molecular mechanism of these protein 

degradation machines. 
 
Introduction 
 
The generation of energy in the form of adenosine 5’-triphosphate (ATP) is established through a 

proton gradient over a membrane in the mitochondrion (Mitchell, 1961, 1966). Electron transport 

chains, which contribute to the generation of this gradient, generate reactive oxygen species 

(ROS) as a side product (Loschen, Flohé and Chance, 1971; Turrens, 2003; Murphy, 2009; 

Hadrava Vanova et al., 2020). ROS can reversibly and irreversibly damage biomolecules, such 

as lipids, DNA and proteins (Dean et al., 1997; Lenaz, 1998; Patel et al., 2018). The 

mitochondrial Lon protease homolog (LonP1) degrades damaged and misfolded proteins and 

proteins that need to be downregulated. Therefore, LonP1 contributes to the functionality of the 
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mitochondrion as a quality control machinery (Venkatesh et al., 2012). Other studies show that 

LonP1 is not only involved in proteolytic processes, but also in DNA binding and maintenance 

(Lu et al., 2003; Ambro et al., 2012; Kunová et al., 2017). LonP1 is a homo-hexameric 

molecular machine and belongs to the AAA+ (ATPases associated with various cellular 

activities) family of proteins (Wang et al., 1993; Hanson and Whiteheart, 2005; Voos and 

Pollecker, 2020). LonP1 hydrolyses ATP in a cyclic manner to translocate substrate proteins into 

its proteolytic chamber. We reported that the two conserved cysteines 520 and 637 in the core of 

the AAA+ domains, are close enough to form a disulphide bridge ((Mohammed et al., 2021), fig. 

1). Out of all amino acids, cysteine is underrepresented in proteins of all species and if present, it 

is often involved in the functionality of the protein, such as in redox sensing or protein folding 

(Miseta and Csutora, 2000; Netto et al., 2007; Benoit and Auer, 2011). 

 

Since oxidising conditions promote both disulphide formation and protein damage that in 

mitochondria requires LonP1 for clearage, we speculated that the activity of LonP1 might be 

modulated by ROS-induced thiol crosslinking. We therefore investigated whether LonP1´s 

protease and/or ATPase activity is stimulated by oxidising conditions and whether such 

conditions could induce disulphide bridging. 

 

Tandem mass spectrometry provides molecular weight values and peptide sequence information. 

In combination with CID and alkylation, which masks free thiol groups, disulphide-linked 

peptides can be observed and the connection pattern can be identified (Tsai, Chen and Huang, 

2013). The addition of reducing agents breaks natural disulphide bridges, which influence the 

mobility of proteins in PAGE (Selimova, Zaides and Zhdanov, 1982; Allore and Barber, 1984; 

Braakman and Hebert, 1996). A comparison of the mobility of LonP1 in reducing and non-

reducing PAGE conditions provides additional information whether a disulphide-linkage in 

LonP1 is present. 

 

Given the multiple functions of LonP1, we also investigated whether oxidising conditions could 

regulate the ATPase activity and proteolytic activity of LonP1, hypothesising that thiol 

crosslinking could act as a “redox-switch”. We did not find evidence for disulphide formation or 
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redox regulation, but did find that the cysteine pair contributed to the structural integrity of 

LonP1. 

 

Results 

LonP1´s enzymatic activity in reducing and oxidising environments 

 

We substituted cysteine 520 and/or cysteine 637 to serine to obtain the single mutant C520S and 

double mutant C520S/C637S, which both lack the ability to form a possible disulphide bridge. 

The mutation of cysteine to serine was applied, since serine is chemically similar to cysteine and 

this mutation is well established to investigate disulphide formation (Lisenbee, Dong and Miller, 

2005; Poole, 2015; Qiu et al., 2015). Since cysteine 520 and 637 are in an almost symmetrical 

arrangement and the local amino acid environment is similar (fig. 1 B), we focussed on the 

C520S single mutant, assuming similar results for the C637S single mutant. We measured the in 

vitro proteolytic and ATPase hydrolysis activity of wild-type (wt) and mutant human LonP1 in 

different conditions (buffer with/without H2O2 as oxidising or β-mercaptoethanol as reducing 

agent, fig. 2 A; see also Material and Methods). We used FITC-casein as a substrate for the 

proteolytic activity assays, as this substrate has been shown to be suitable for analysing the 

digesting properties of Lon (Waxman and Goldberg, 1985; Mohammed et al., 2021). Both, wt 

and the single mutant C520S showed similar activities in ATPase hydrolysis irrespective of the 

presence of the oxidising or reducing agent, whereas the double mutant C520S/C637S showed 

reduced activities by approx. 50% in comparison to the wild type. Including either reducing or 

oxidising agents caused a slight reduction in proteolytic activity. To investigate whether the 

addition of DNA influences the proteolytic activity of wt or mutant LonP1, we added 50 ng 

plasmid DNA to the assay. The addition of plasmid DNA did not significantly affect ATPase or 

protease activities (fig. 2 A). 

 

C520 and C637 do not form a disulphide bridge in the A-domain 

 

We tested whether a disulphide bridge between C520 and C637 could be formed, using mass 

spectrometry and gel electrophoresis in non-reducing conditions (fig. 2 B, C). Mass spectrometry 

confirmed the substitution of cysteine 520 to serine, since no peptides with alkylated cysteine 
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520 could be measured for the C520S mutant (fig. 2 B). Wt LonP1 showed no significant 

difference between alkylated cysteine 520 peptides in buffers with or without oxidising/reducing 

agents. The same observation was made for cysteine 637 peptides of wt and the C520S mutant 

(fig. 2 B). We conclude that no disulphide bridge is formed. 

We confirmed this observation by denaturing polyacrylamide gel electrophoresis, since no band 

shift was observed in a non-reducing gel from which β-mercaptoethanol was excluded (fig. 2 C). 

 

Discussion 

 

In this study, we investigated the potential regulation of LonP1 activity by redox potential, in 

view of the possibility of disulphide formation of the conserved cysteines 520 and 637 in the A-

domain (highly conserved in eukaryotic homologs of LonP1, partial conserved in bacterial 

homologs, fig. 1 A). However, we did not find evidence for redox regulation. Although the Cβ-

atoms of both cysteines are at disulphide formation distance within experimental accuracy (fig. 1 

C), we demonstrated by mass spectrometry and gel electrophoresis that no disulphide bridge is 

formed between residues C520 and C637 in the A-domain of LonP1. Even high concentrations 

of H2O2 did not induce disulphide formation. Our explanation is that both cysteines are buried 

within the A-domains and most likely shielded from the solution environment, so that they are 

not affected by ROS (fig. 1 B, right panel). Protease and ATPase activity assays showed no 

considerable differences between wt LonP1 and the single mutant C520S in oxidising or 

reducing environments. The addition of plasmid DNA to the proteolytic assay showed no 

considerable effect either. Based on these observations, we conclude that cysteines 520 and 637 

in the A-domain do not function as a potential “redox switch” to regulate different activities, 

since LonP1 is still fully functional upon substituting one of the cysteines. 

A closer look into the local amino acid environment of the two cysteines revealed a backbone 

configuration as described by Kilgore and Raines ((Kilgore and Raines, 2018), fig. 1 B (left 

panel), 3). The n→π* interactions of the thiols of C520 and C637 can enhance n→σ* interactions 

within the β-strand. Another amino acid, which could possibly enhance this electron network 

even further, is the phenylalanine 521. The phenylalanine &-ring is positioned to interact with the 

hydrocarbon side chains of leucine 519 and isoleucine 636 as well as with the protein backbone 

(fig. 3 A, (Brandl et al., 2001; Alauddin et al., 2015). The substitution of a single cysteine to a 
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serine does not hinder these electron networks noticeably, since the n→π* interaction of the 

remaining cysteine is sufficient enough to stabilize LonP1´s structure and maintain its enzymatic 

activity as observed by our activity assays. The substitution of both cysteines on the other hand 

shows a reduced enzymatic activity by 50%. In this case, the electron network in the A-domain is 

destabilised, which most likely affects the ATPase hydrolysis cycle. Since the energy of the 

hydrolysed ATP is used to translocate the substrate protein into the proteolytic chamber of 

LonP1, the protease activity is directly affected (Mohammed et al., 2021). 

This would explain why we observe a reduction of 50% of both the ATPase hydrolysis and 

proteolytic activity in case of the cysteine double mutant. 

As discussed earlier, the addition of high concentrations of oxidising reagents did not induce 

disulphide formation. Both cysteines are located in a parallel β-sheet (fig. 3). Disulphide bonds 

in parallel β-sheets are rare in proteins and the backbone could kink at the disulphide, which 

could have a negative impact on LonP1´s structural integrity or the efficiency of ATP binding 

and hydrolysis (Almeida, Li and Gellman, 2012). 

Figure 1 C demonstrates that the distance between the Cβ-atoms of C520 and C637 may vary up 

to 1 Å when comparing LonP1 states and subunit conformations. If disulphide formation had 

occurred, this would therefore likely have affected the ease of structural transition between the 

states, thereby changing the enzyme kinetics. Instead, we proposed here that both cysteines are 

required for a stabilising non-covalent electron network within the AAA+ domains, that allows 

small variations in the cysteines’ Cβ-distances. We assume that this network has sufficient 

freedom to allow a slight shearing of this β-sheet and small changes in distance between the 

cysteines. These small movements accompany the conformational rearrangements of these 

domains associated with LonP1’s rotational catalytic cycle, explaining a possible reason for the 

conservation of the cysteine residues: flexible stabilisation of its substrate protein translocating 

core. 

The introduction of two cysteines in the A-domain of LonP1 and its eukaryotic homologues 

(Mohammed et al., 2021, fig. 1 A) most probably was of evolutionary benefit to stabilise its 

structural integrity and therefore its function in a more oxidising environment as present in the 

mitochondrion (Miseta and Csutora, 2000). 
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Material and Methods 

Cloning, protein isolation and purification 

 

Wild-type and mutant (C520S, C520S/C637S) LonP1 were cloned, expressed and purified as 

described before (Mohammed et al., 2021), with the exception that no reducing agents ('-

mercaptoethanol) during the purification were used. 

 

In brief: 

 

The human LONP1 gene (wild-type) and LONP1 mutants (C520S, C520S/C637S) after the signal 

sequence (amino acids 125 to 959) were codon optimized and cloned into a pET11a expression 

vector with an N-terminal hexa-histidine tag (GenScript). Human LonP1 variants were expressed 

in 2xYT media at 37°C and induced with 0.5 to 1 mM of IPTG overnight at 20°C. 

Cell pellets were resuspended in 50 mM HEPES buffer (300 mM NaCl, 5 mM MgCl2, 1 mM, 10% 

Glycerol, pH 7.8, 1 protease inhibitor cocktail tablet (cOmplete Mini, Roche Diagnostics) and 

DNase I (AppliChem)). After sonification and centrifugation, the cell lysate was added to Ni-NTA 

Superflow (QIAGEN GmbH) resin and incubated under rotation for 60 mins. 

Human LonP1 variants were purified with an affinity Ni-NTA Superflow chromatography, 

followed by a size exclusion chromatography (SuperoseTM 6 Increase 10/300 GL). After 

incubation, the Ni-NTA resin was washed with 50 mM HEPES buffer (300 mM NaCl, 5 mM 

MgCl2, 10% Glycerol, pH 7.8), 50 mM HEPES buffer (500 mM NaCl, 5 mM MgCl2, 10% 

Glycerol, pH 7.8) and 50 mM HEPES buffer (150 mM NaCl, 5 mM MgCl2, 40 mM Imidazole, 

10% Glycerol, pH 7.8). LonP1 variants were eluted with 50 mM HEPES (150 mM NaCl, 5 mM 

MgCl2, 10% Glycerol) containing 100 mM; 200 mM and 400 mM Imidazole, respectively. The 

elutions were concentrated and injected into an AEKTA purifierTM 10 GOLDSEAL system and 

loaded on a SuperoseTM 6 Increase 10/300 GL column. The size exclusion chromatography was 

run in 50 mM HEPES, 150 mM NaCl, 5 mM MgCl2, pH 7.8 and the pure fractions (based from 

SDS-PAGE) were pooled. 
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ATPase and protease assays 

 

The proteolytic activity and ATPase activity assays were performed as described before with the 

adjustment of reducing and oxidising agents, respectively (Mohammed et al., 2021). The H2O2 

concentration used in oxidising assays was 1 µM, the concentration of '-mercaptoethanol for 

reducing assays was 1 mM. LonP1 and its mutants were incubated for 15 min in these oxidising 

and reducing conditions before starting the measurement for the protease assay (Sidorova et al., 

2004). All measurements were done in triplicate. 

 

Mass spectrometry 

 

5 µg of wild-type and mutant C520S LonP1 in three different solution conditions (50 mM 

HEPES, 150 mM NaCl, 5 mM MgCl2 without (1.)/ with 10 µM H2O2 (2.) or 10 mM TCEP (3.) 

were analysed by mass spectrometry. 

 

Sample preparation for LC-MS analysis 

5 µg of LON protein were dissolved in 25 μl digestion buffer (1.6 M urea, 0.1 M TEAB, pH 8.5). 

If required, samples were reduced at 37 °C for 1 hour by adding TCEP at a final concentration of 

10 mM (3.), followed by alkylation using iodoacetamide (final concentration 15 mM) for 30 min 

at 25 °C in the dark. Proteins were digested by incubation with sequencing-grade modified trypsin 

(1/50, w/w; Promega, Madison, Wisconsin) overnight at 37°C. Then, the peptides were cleaned 

up using iST cartridges (PreOmics, Munich) according to the manufacturer’s instructions. Samples 

were dried under vacuum and dissolved in 0.1 % formic acid solution at 0.5 pmol/µl. All samples 

were prepared in triplicates. 

 

Label-free quantification analysis 

 

This analysis was carried out as described previously (Ahrné et al., 2016). Chromatographic 

separation of peptides was carried out using an EASY nano-LC 1000 system (Thermo Fisher 
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Scientific), equipped with a heated RP-HPLC column (75 μm x 30 cm) packed in-house with 1.9 

μm C18 resin (Reprosil-AQ Pur, Dr. Maisch). Aliquots of 1 pmol total peptides were analysed per 

LC-MS/MS run using a linear gradient ranging from 95% solvent A (0.15% formic acid, 2% 

acetonitrile) and 5% solvent B (98% acetonitrile, 2% water, 0.15% formic acid) to 30% solvent B 

over 30 minutes, to 50% solvent B over 10 minutes and to 95% solvent B over 2 minutes at a flow 

rate of 200 nl/min. Mass spectrometry analysis was performed on Q-Exactive plus mass 

spectrometer equipped with a nanoelectrospray ion source (both Thermo Fisher Scientific). Each 

MS1 scan was followed by high-collision-dissociation (HCD) of the precursor masses of the 

imported isolation list and the 20 most abundant precursor ions with dynamic exclusion for 20 

seconds. Total cycle time was approximately 1 s. For MS1, 3e6 ions were accumulated in the 

Orbitrap cell over a maximum time of 50 ms and scanned at a resolution of 70,000 FWHM (at 200 

m/z). MS1 triggered MS2 scans were acquired at a target setting of 1e5 ions, a resolution of 17,500 

FWHM (at 200 m/z) and a mass isolation window of 1.4 Th. Singly charged ions and ions with 

unassigned charge state were excluded from triggering MS2 events. The normalised collision 

energy was set to 27% and one microscan was acquired for each spectrum. 

The acquired raw-files were converted to mgf-file format using MSConvert (v 3.0, proteowizard) 

and searched using MASCOT (Matrix Science, Version: 2.4.1) against a decoy database 

containing normal and reverse sequences of the predicted SwissProt entries of homo sapiens 

(SwissProt, www.ebi.ac.uk, release date 2020/04/17) and commonly observed contaminants (in 

total 41,484 sequences) generated using the SequenceReverser tool from the MaxQuant software 

(Version 1.0.13.13). The search criteria were set as following: full tryptic specificity was required 

(cleavage after lysine or arginine residues); 3 missed cleavages were allowed; 

carbamidomethylation (C), N-term acetylation and oxidation (M) were set as variable 

modification. The mass tolerance was set to 10 ppm for precursor ions and 0.02 Da for fragment 

ions. Then, Scaffold (version Scaffold_4.11.1, Proteome Software Inc., Portland, OR) was used to 

validate MS/MS based peptide and protein identifications. Peptide identifications were accepted 

if they could be established at greater than 99.0% probability by the Scaffold Local FDR algorithm. 

Protein identifications were accepted if they could be established at greater than 99.0% probability 

to achieve an FDR less than 1.0% and contained at least 5 identified peptides. Protein probabilities 

were assigned by the Protein Prophet algorithm (Nesvizhskii et al., 2003). Proteins that contained 
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similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to 

satisfy the principles of parsimony. 

For peptide quantification, the spectral library (.blib) was exported from scaffold and all identified 

LON peptides loaded into Skyline (version 20.2.0.343 (https://brendanx-

uw1.gs.washington.edu/labkey/project/home/software/Skyline/begin.view). Then, precursor ions 

were selected as transition filters and all raw-files imported for their quantification. The 

quantitative results of the peptide ions containing C520 and C637 as well as 2 reference peptides 

were exported. Statistical analysis and ratio calculations were performed in Excel. The barplots in 

figure 1 C and 2 B were generated using DataGraph (version 4.7) Visual Data Tools, Inc. Chapel 

Hill, NC. https://www.visualdatatools.com/. 

 

SDS-PAGE 

 

50 ng purified wild-type LonP1 respectively IgG in reaction buffer (50 mM HEPES, 150 mM 

NaCl, 5 mM MgCl2, 10% glycerol), were mixed with Gel Loading Buffer (Sigma-Aldrich), 

supplemented with/without 0.7 mM β-mercaptoethanol in a ratio of 50:50. Subsequently, samples 

were denatured for 5 min at 90 °C and analysed by SDS-PAGE followed by staining with 

EZBlueTM Gel Staining Reagent (Sigma-Aldrich). Here, a discontinuous NuPAGETM 4-12% Bis-

Tris Gel (Thermo Fisher Scientific) was used. The SDS-PAGE was run at 150 V in Novex® Tris-

Acetat SDS Running Buffer (Thermo Fisher Scientific) for 70 minutes. The Precision Plus 

ProteinTM Dual Color Standards (Bio-Rad Laboratories, Inc.) was used as a marker. 

 

Cβ-distance measurements of cysteine 520 and 637 

 

Cβ-distances of cysteine 520 and 637 were measured for the PDB structures: 7NGL, 7NGF, 

7NGC, 7NG5, 7NG4 and 7NFY in ChimeraX (Goddard et al., 2018). 
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Figures 

 
Figure 1: A: Partial sequence alignment of LonP1 homologs. Cysteine residues 520 and 637 are 
highlighted. B: Structure of LonP1 (PDB 7NFY) and local amino acid environment of cysteines 520 and 
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637. Left panel: Residues L519, C520, F521, I636 and C637 are structurally aligned to form an enhanced 

electron network. Middle panel: Localisation of cysteines 520 and 637 (space fill representation) in the A-

domain of LonP1. Right panel: Cysteines 520 and 637 are buried in the subunits (represented by subunit 

5) and shielded from the outside by other amino acids. C: Cβ-distance of cysteine 520 and 637 in the 
different LonP1 states. The Cβ cut-off distance is referred from (Sowdhamini et al., 1989). 

 

 
Figure 2: A: Protease and ATPase activities of wild-type (wt), cysteine single mutant (C520S) and 

double mutant (C520S/C637S) LonP1 variants in normal, oxidising (H2O2) and reducing (BME: β -

mercaptoethanol) conditions. The effect of DNA on the protease activity of wt and mutant LonP1 

variants is shown in the bottom table. B: Mass spectrometry results of measured alkylated (free) 

cysteine 520 and 637 peptides (mean) of wt and C520S LonP1. C: SDS-PAGE of wt LonP1 and two 

antibodies containing a disulphide bridge in non-reducing and reducing conditions. Both antibodies show 

a band shift (at around 25 kDa), whereas LonP1 shows no difference in bands (at 100 and 250 kDa, 

monomer and dimer, respectively). 

 
 

LonP1 variant wt wt + H2O2 wt + BME C520S C520S + H2O2 C520S + BME Double Double + H2O2 Double + BME

Protease activity* 9 ± 0.8 6.3 ± 0.9 6.3 ± 0.5 10 ± 0.8 7.3 ± 0.5 8 ± 0.8 5.7 ± 0.9 3.3 ± 0.5 3.3 ± 0.9

ATPase activity** 104.95 ± 1.7 97.65 ± 0.1 102.01 ± 7.2 114.21 ± 0.9 114 ± 3 120.6 ± 0.6 56.23 ± 0.9 56.19 ± 0.2 59.06 ± 0.2

* normalized Δ Fluorescence [RFU] after 15 min
** µM phosphate/100 nM LonP1/30 min

LonP1 variant wt + DNA C520S + DNA Double + DNA
Protease activity* 5.3 ± 0.5 5.3 ± 0.5 2 ± 0.8
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Figure 3: Schematic representation of possible electron network interactions. A: Structural 
arrangement. The phenylalanine 521 is oriented to interact with the side chains of isoleucine 636 and 
leucine 519. The thiol groups of cysteines 520 and 637 can interact with the backbone carbonyl groups. 
B: Network of interactions induced/enhanced by both cysteines. 
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Chapter IV.: A theoretical structural model of human 
LonP2 

 
Abstract 
 

Peroxisomes are cytoplasmic organelles that contain large amounts of catalase to cope with high 

concentrations of hydrogen peroxide. Hydrogen peroxide belongs to the reactive oxygen species 

and can induce protein damage. The peroxisomal Lon protease, LonP2, is a member of the AAA+ 

family of proteins and degrades misfolded or damaged proteins in the peroxisomal matrix. Many 

AAA+ proteins have a hexameric, ring-shaped architecture. High sequence similarity and the 

recent structure determination of human mitochondrial Lon protease, LonP1, allowed a template-

based generation of a theoretical model of human peroxisomal LonP2. This model provides a basis 

to analyse functional similarities and differences between LonP2 and its mitochondrial isoform 

LonP1 and could be used as a starting point to explore the evolutionary divergence of these AAA+ 

proteins. 

 

Introduction 
 

Peroxisomes are cell organelles which carry out various oxidative reactions. The b-oxidation of 

fatty acids and the degradation of hydrogen peroxide are from the numerous metabolic pathways 

within peroxisomes, the most notable ones (Smith and Aitchison, 2013). High concentrations of 

hydrogen peroxide can lead to the formation of radicals which can damage proteins (Dean et al., 

1997). The peroxisomal Lon protease, LonP2, removes damaged and misfolded proteins from the 

peroxisomal matrix, functions as a chaperone and is involved in the maintenance of the fatty acid 

b-oxidation (Goto-Yamada et al., 2014; Pomatto et al., 2017). The recent structure determination 

of the human mitochondrial Lon protease, LonP1, in multiple conformations (Mohammed et al., 

2021), gave new insights into its catalytic mechanisms. The description of a novel threonine-type 

proteolytic site and conserved cysteine residues in the A-domain, which significantly contribute to 

LonP1´s structural stability led to this theoretical study, to investigate, if these residues could also 

contribute to the functionality of the peroxisomal isoform of Lon, LonP2. Here, I present and 

discuss the theoretical structural model of human peroxisomal LonP2 and the possible importance 

of the residues involved in the second proteolytic site and the A-domain of LonP1. 
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Methods 
Theoretical model generation of LonP2 
 

The theoretical model of the P1a-state of human peroxisomal LonP2 was generated with SWISS-

MODEL (Schwede, 2003; Waterhouse et al., 2018). As a target sequence the human LonP2 

sequence (UniProt: identifier Q86WA8-1, (The UniProt Consortium, 2019)) was provided. As 

template files, single subunits of the PDB file: 7NFY (P1a-state of LonP1) were used. The 

generated files for each subunit were then combined again to a PDB file containing six subunits. 

Parts of or complete LonP1/LonP2 models were visualised with ChimeraX (Goddard et al., 2018) 

in all shown figures in this thesis. CLUSTALW (Sievers et al., 2011) was used for the multiple 

sequence alignment of human LonP1 and LonP2. The sequence alignment was visualised 

following the tutorial of: 

https://labs.mcdb.ucsb.edu/weimbs/thomas/sites/labs.mcdb.ucsb.edu.weimbs.thomas/files/docs/

multiplesequencealignmenttutorial.pdf (last visited: 11.10.2021). 

 

Results 
 
A direct comparison between the theoretical model of human LonP2 and the 

cryo-EM based structural model of human LonP1 
 
LonP1 and LonP2 share roughly 30% identity and 45% similarity 

(www.bioinformatics.org/sms2/ident_sim.html, 30.08.2021, fig. 8). A theoretical model of LonP2 

has been therefore created with LonP1 as the template structure (fig. 9). 
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Figure 8: Sequence alignment of LonP1 and LonP2. A: Whole sequence alignment. B: Sequence 
alignment close-up of the previously investigated cysteine and proteolytic residues of LonP1. 
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sp|Q86WA8|LONP2  127 --------------------------LDRLEEFPNTCKMREELGELSEQFYKYAVQLVEM 
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The theoretical model of LonP2 shows a hexameric architecture like LonP1. Whereas the N-

terminus of LonP2 looks identical to the N-terminus of LonP1, there are noticeable difference in 

the A- and protease domain. LonP2 shows extended loops or “arms” as these are referred to by 

(Bartoszewska et al., 2012) and the apical exit gate of LonP2 is slightly wider than the apical exit 

gate of LonP1 (fig. 9, 10). 

 
Figure 9: Comparison between the theoretical model of LonP2 and the cryo-EM model of LonP1. 

The electrostatic potential distribution (fig. 10) of LonP2 is similar to LonP1. The “additional” 

loops in the A-domain of LonP2 show a negative potential and the apical exit gate seems also more 

negative in comparison to the apical exit gate of LonP1 (fig. 10). 
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Figure 10: Electrostatic potential distribution of LonP2 (A) and LonP1 (B). More positive regions are 
coloured in blue, more negative regions in red. 
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Discussion 
 
Theoretical functional similarities between LonP2 and LonP1 
 
The sequence alignment of peroxisomal LonP2 and mitochondrial LonP1 (fig. 8B) shows that most 

of the residues involved in the second proteolytic site of LonP1 are also conserved in LonP2. These 

residues are the threonine 803, the glutamic acid 812 and both histidines 841 and 843. The glutamic 

acid 801 in LonP1 is exchanged to a threonine in LonP2. Since the single mutation of the glutamic 

acid 801 still shows residual activity in LonP1 (Chapter II) and LonP2 has slightly different 

functions in the peroxisome, it is possible that this residue was not necessary to keep during the 

evolution of LonP2 and the replacement to a threonine had not a noticeable impact on LonP2´s 

function. The conservation of the other mentioned amino acids indicate that these residues may 

also contribute to LonP2 proteolytic mechanism and could be crucial for LonP2´s functionality, as 

well. 

 
In chapter III the impact of the cysteines 520 and 637 on LonP1´s structural integrity has been 

shown through multiple function-related experiments. The sequence alignment of LonP1 and 

LonP2 shows that only cysteine 520 is conserved in LonP2. The absence of one of these cysteines 

has no significant impact on the overall functionality of LonP1 (see chapter III., fig. 2A). 

Therefore, it can be speculated that the introduction of one cysteine was sufficient for LonP2´s 

structural integrity as also seen in other LonP1 homologs (see Chapter III., fig. 1A). 

 

Potential role of the extended loops 
 

The generated model of peroxisomal LonP2 shows extended negatively charged loops (fig. 10). 

These loops are consistent with the generated model of fungal peroxisomal Lon (Bartoszewska et 

al., 2012). It can only be speculated, if these loop regions take part in physiologically relevant 

interactions but it is possible that LonP2 is able to interact with other peroxisomal proteins or fatty 

acids through these loops. 
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Chapter V.: Conclusion and Outlook 
 
 
During the time of this thesis, the following novel findings emerged: 
 

1. LonP1 has a potential second proteolytic site 
 

2. Two conserved cysteines in the A-domain (region of ATP binding/hydrolysis) are not 
responsible for redox-sensing but influence crucially LonP1´s function as both 
cysteines contribute to a highly stable electron network 
 

3. The theoretical structural model of peroxisomal LonP2 has been homology-modelled 
with the results of the cryo-EM investigation of human mitochondrial LonP1 
(Chapter II.) 

 
 
The threonine-type proteolytic site 
 

Many biological processes are depended on proteases. This thesis focussed on the biochemical 

characterisation of the AAA+ protease human mitochondrial LonP1. The first outcome of my 

research is the characterisation of a potential second proteolytic site, with a novel threonine-type 

catalytic triad (schematic mechanism fig. Supp.2), that contributes significantly to LonP1´s 

proteolytic activity. It remains unclear why LonP1 has two distinct proteolytic sites but the 

results show that both sites are required for proteolysis and that a deficiency in either of both 

proteolytic sites kills LonP1´s proteolytic activity. 

The investigation of potential rescue mutants and a broader analysis of peptide fragments could 

help to understand the possible different tasks of both proteolytic sites. Since the threonine-type 

catalytic triad is located at the apical exit gate and it remains unknown where DNA binding 

occurs in LonP1, it has to be elucidated how DNA binding alters LonP1´s proteolytic activity 

mechanistically. The discovery of this potential second proteolytic site opens further the field of 

inhibitors/drug targets for LonP1. Both, DNA binding and the analysis of inhibitors, are suitable 

for a structural investigation by cryo-EM. 

The cryo-EM analysis of especially the proposed nucleophile mutant, T803V, was unsuccessful 

during the time of this thesis. 
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LonP1 T803V seemed to aggregate during the grid freezing process and therefore a structural 

investigation with cryo-EM could not be conducted. Stability assays of this mutant are currently 

being conducted by my colleagues. 

To strengthen the hypothesis of a second proteolytic site, a cryo-EM investigation of the 

histidine H841F and H843F mutants and the glutamic acid E812A mutant can be considered. 

The LonP1 E812A mutant looks most promising as the size exclusion profile, the yield and the 

ATP hydrolysis activity indicate this a stable, very well-behaved mutant which retains unfoldase-

associated ATPase activity, but lacks proteolytic activity. Since the E801A mutant showed a 

highly reduced proteolytic activity, I suggest this mutant to be suitable as a “peptide trap” 

mutant, to potentially trap less abundant states, as the D-state (Chapter II.). 

Furthermore, concerns emerged, if the analysed mutants fold properly. Arguments against these 

concerns are, that all mutants are still able to hydrolyse ATP, which is only possible if the 

protein is folded into its native state, since ATP hydrolysis occurs in trans. First additional 

thermostability experiments of the E812A mutant and the wild type (fig. Supp.1) demonstrated 

that the stability of both protein variants is similar. Additional thermostability experiments of all 

relevant mutants, which contribute to the potential second proteolytic site, will give more 

information on the oligomeric states. 
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Commentary on the structural integrity and the enhanced-electron network in 
the A-domain of LonP1 
 

The second part of this thesis focussed on potential redox regulation of LonP1. The structural 

investigation of human mitochondrial LonP1 by cryo-EM (Chapter II.) showed that two 

conserved cysteines located in the A-domain were in optimal disulphide formation distance and 

have been therefore of most interest. Although it could be shown that these cysteines do not 

function as a redox-switch, the importance of both cysteines in LonP1´s structural integrity could 

be experimentally proven. The absence of both cysteines reduces LonP1´s ATPase and 

proteolytic activity by 50%. The location of both cysteines in a b-sheet region and the 

surrounding amino acids hint to a highly stable electron network, which has a direct influence on 

LonP1´s ATPase activity. Since substrate protein translocation is dependent on ATP hydrolysis, 

LonP1´s proteolytic activity is affected, as well. 

The sequence alignment of LonP1 homologs showed that these two cysteines are mostly 

conserved in mitochondrial LonP1. However, one of these cysteines is also conserved in 

bacterial Lon. My experiments showed that the mutation of one of the cysteines to serine is 

neglectable for LonP1 to function. The introduction of cysteines during the evolution had in 

many cases an evolutionary benefit. It can be assumed that the introduction of a second cysteine 

in this b-sheet region had a stabilisation benefit of the A-domain and that for mitochondrial 

forms of LonP1the introduction of a second cysteine could also compensate for a mutated 

variant. 

The serine mutation was chosen because of the chemically similarity of cysteine and serine. The 

results of Chapter III. could be further strengthened by a cysteine to alanine mutation. Alanine 

has a much shorter side chain and therefore an unintended interaction between side chains could 

be prevented. 
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I suggest, that just like the E801A mutant, the cysteine double mutant can be further investigated 

by cryo-EM to generate more possible transition states during proteolysis due to its reduction in 

activity. 

Nearby amino acids, as the phenylalanine 521, the isoleucine 636 and leucine 519 can be 

investigated, to establish whether these residues contribute to the stability of the A-domain in 

LonP1 as well. The interactions of CH/& in proteins are described elsewhere (Brandl et al., 2001; 

Steiner and Koellner, 2001; Meyer et al., 2003). 

 

Commentary on the theoretical structural model of human peroxisomal LonP2 
 

The third part of this thesis should give a first starting point for the analysis of LonP1´s 

peroxisomal isoform LonP2. The cryo-EM investigation of human LonP1 led to the first 

complete structural model of LonP1 (Chapter II.). My attempts to purify human peroxisomal 

LonP2 failed and therefore I generated a homology-model of human peroxisomal LonP2. Due to 

their high sequence similarity and with the full-length structure of human LonP1 available, this 

theoretical model of LonP2 provides in my opinion, a first accurate structural description of this 

protein. The overall architecture of LonP1 and the generated model of LonP2 is similar. The 

protease and N-domains of LonP1 and LonP2 are almost identical, but LonP2 has six additional 

loop-regions in the A-domain, that are located outside and appear to be solvent accessible. These 

loop regions are in agreement with another theoretical structure of fungal LonP2. It can be 

speculated that these loop regions take on an important role in LonP2´s function in the 

peroxisome. The sequence alignment of LonP1 and LonP2 reveals that most of the previously 

analysed residues, which take part in LonP1´s functionality, are also conserved in LonP2. If 

these residues take over similar functions in LonP2 has to be experimentally investigated by 

structure-function related studies. 
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Final statement 
 

All chapters are built up from the structural investigation of human mitochondrial LonP1 by 

cryo-EM. Chapter II. gave the initial input for all the discussed findings. The “second catalytic 

site project” emerged through the structural analysis of LonP1´s protease domain. The 

investigation of LonP1´s potential redox-regulation was investigated after the observation of two 

nearby cysteines in the A-domain and a theoretical model of human peroxisomal LonP2, together 

with the discussion, whether the findings for LonP1, could also be possible for LonP2, were 

established through homology-modelling. 
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VI.: Supplemental 
 

Spectrophotometric protein concentration determination 
 
The protein concentrations were determined with a NanoDrop spectrophotometer. This method is 

based on the findings of Lambert and Beer (Lambert, 1760; Beer, 1852). 

 

Thermal stability experiments 
 

Thermal stability experiments were performed by the Biophysics Facility of the University of 

Basel (Dr. Timothy Sharpe) and Dimitrios Balasopoulos, whom I supervised for his Master´s 

project. Result files and the protocol were provided: 

 

Thermal denaturation experiments were performed using a Nanotemper Prometheus NT.48 

differential scanning fluorimeter. Fluorescence was excited using an LED at 280 nm, and 

fluorescence emission intensity at 330 and 350 nm was monitored for samples at 0.18 mg/ml 

concentration in size exclusion buffer (see Purification, without b-mercaptoethanol) held in high-

sensitivity (quartz-glass) capillaries, during a continuous thermal ramp from 15 – 95°C at a rate 

of 1.0°C/min. Aggregation was monitored by measuring the apparent absorbance due to 

scattering for excitation light passing through the capillary, onto a mirror, and back through the 

capillary to a photodiode (back-reflection optics). 

 

Data were analysed using the Nanotemper PR.Stability Analysis software. Thermal denaturation 

curves were obtained by plotting fluorescence emission intensity or the ratio of fluorescence 

emission intensity (F350/F330) as a function of temperature. Thermal denaturation midpoint 

temperatures were obtained from the maxima/minima in the first derivative of the thermal 

denaturation curve by an automated algorithm, and temperatures of onset of denaturation were 

estimated by a proprietary automated algorithm. Thermal denaturation curves and derived 

parameters were averaged for triplicate samples to obtain mean values and standard deviations. 
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Thermal stability experiments (fig. Supp.1) showed that the stability of the LonP1 E812A mutant 

is similar to the stability of wild-type LonP1. Glutamic acid 812 is part of the proposed catalytic 

triad. 

 
Figure Supp.1: Thermal denaturation experiments of LonP1 wt and E812A. A: Ratio of fluorescence 
emission intensity as a function of temperature. B: Thermal denaturation midpoint temperatures. The first 
derivative of the thermal denaturation curves (A) is shown. C: Scattering profile (aggregation). 

 

Thermal denaturation curves in figure Supp.1 were generated using DataGraph (version 4.7) 

Visual Data Tools, Inc. Chapel Hill, NC. https://www.visualdatatools.com/. 
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Figure Supp.2: Proteolytic mechanism of the proposed threonine-type catalytic triad. 
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